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ABSTRACT 
 
Basalt and plant fibres are increasingly being used as eco-friendly replacements to E-glass 
fibres for the reinforcement in polymer composites used by the automotive and construction 
industries.  The aim of this PhD is to investigate the structural properties of basalt fibre polymer 
composites when exposed to thermally demanding environments such as those experienced 
during fire exposure or thermal recycling. This PhD project also aims to understand the 
structural performance of plant fibre composites when exposed to fire. The thermal, physical 
and mechanical processes that influence the softening and failure of basalt and plant fibre 
composites under the combined effects of fire and mechanical loading are determined 
experimentally and analytically. The reduction to the mechanical properties and the strength 
loss mechanisms of thermally recycled basalt fibres are also investigated.    
 
This PhD thesis presents a comprehensive and critical review of published research on the 
mechanical properties of basalt and plant fibre composites.  A review of research into the fire-
structural and fire reaction properties of polymer matrix composites is also presented. Based 
on the literature review, major gaps have been identified in the understanding of the thermal 
response and survivability of basalt and plant fibre composites when exposed to the combined 
effects of fire and mechanical loading. Gaps also exist in quantifying the degradation to the 
mechanical properties and identifying the strength loss mechanisms of thermally recycled 
basalt fibres. The research aims outlined in this PhD are based on the gaps identified in 
literature. 
 
The tensile properties and softening mechanisms of basalt fibre composites in fire are 
experimentally and analytically investigated. The thermal and mechanical response of a basalt 
composite is compared against an equivalent laminate reinforced with E-glass fibres. When 
exposed to the same radiant heat flux, the basalt fibre composite heated up more rapidly and 
reached higher temperatures than the glass fibre laminate due to its higher thermal emissivity. 
The tensile structural survivability of the basalt fibre composite was inferior to the glass fibre 
laminate when exposed to the same radiant heat flux. The degradation in the tensile properties 
of both materials occurred by thermal softening and decomposition of the polymer matrix and 
weakening of the fibre reinforcement, which occur at similar rates. The inferior fire-structural 
performance of the basalt fibre composite was due mainly to higher emissivity, which caused 
XV 
 
it to heat-up more rapidly and become hotter in fire. A thermal-mechanical model was used to 
accurately predict the tensile softening of both the basalt and E-glass composites when exposed 
to fire. 
 
The structural properties of basalt fibre laminates under the combined influence of fire and 
compressive loading is also investigated experimentally and analytically. Small-scale fire-
structural tests involving one-sided radiant heating and axial compressive loading reveal that 
the softening rate and failure stress of the basalt fibre laminate is inferior to the glass fibre 
composite. Furthermore, the fire reaction properties, such as the heat release rate and smoke 
density, are also higher for the basalt laminate. This was due to the thermal emissivity of basalt 
fibre laminate being higher which causes it to heat up at a faster rate and reach high 
temperatures when exposed to a thermal flux radiant by fire. A model is presented to compute 
the compressive softening and failure of basalt fibre laminates exposed to fire.    
 
This PhD project also includes an experimental investigation into the reduction to the tensile 
fracture stress and strength loss mechanism of basalt fibres during thermal recycling. Despite 
experiencing a large reduction in strength, the Young’s modulus of the basalt fibres remained 
unchanged following heat treatment. The fracture toughness and fracture mirror constant also 
remained unchanged after heat treatment, indicating no changes in the bulk properties of the 
fibre. Tensile tests performed on basalt fibres with artificial notches created by focussed ion 
beam milling reveal that the strength loss during thermal recycling is caused by the thermally 
activated growth of surface flaws. 
 
In addition to basalt fibre composites, the fire-structural performance of polymer composites 
reinforced with continuous flax, jute or hemp fibres are evaluated, and compared against an E-
glass fibre laminate. Fire-structural testing under combined one-sided radiant heating and static 
tensile loading revealed the plant fibre composites experience more rapid thermal softening 
and fail at much lower stresses than the fibreglass laminate, which is indicative of vastly 
inferior fire-structural integrity. The plant fibre composites soften and fail before the onset of 
thermal decomposition of the fibres and polymer matrix, whereas the E-glass fibres provide 
the composite with superior fire-structural integrity to higher temperatures and higher applied 
tensile stresses. The fire-structural properties of the three types of plant fibre composites were 
not identical, with flax being superior to hemp and jute (which were similar). 
 
XVI 
 
This PhD research has demonstrated that replacing E-glass fibres with basalt and plant fibres 
may severely compromise the fire-structural integrity of its polymer composite. The results 
obtained from this study can be used as a foundation to potentially improve the fire resistant 
properties of basalt and plant fibre polymer composites.  
1 
 
CHAPTER 1: INTRODUCTION 
 
1.1 PROJECT BACKGROUND 
Glass fibres are the most commonly used reinforcement in polymer matrix composites due to 
their low cost (compared to aramid and carbon), high failure stress and excellent durability. 
Glass fibre reinforced plastics (GFRP) are used extensively in the marine, leisure, automotive, 
construction and sporting industries. Polymers reinforced with glass fibres account for more 
than 90% of all composites currently produced [1], with their global production exceeding 9 
million tons in 2015 [2]. However, glass fibres have some major drawbacks. They are not bio-
degradable and do not break down in soil; hence their disposal in an environmentally-friendly 
way is a challenge. Land-fill is currently the most common way to dispose of waste composite 
materials. This poses an environmental issue because of the extremely large volume (about 5 
million cubic meters) of waste composites that must be buried annually. Increasingly, 
governments and local councils are limiting or completely banning the disposal of composites 
by landfill. Examples are the European Union which has set strict limits on the amount of 
composites placed in land-fill and Germany which has imposed a complete ban [1]. With the 
disposal problems of fibreglass composites and the economic viability of structural materials 
set to become increasingly influenced by their inherent environmental impact, there is a need 
to research into eco-friendly fibre reinforcements as a potential alternative to glass fibre [1, 3]. 
Research also needs to be carried out on recycling of fibre reinforcements used in composites 
and re-use them in other, potentially load-bearing applications. The use of recycled fibres could 
result in a significant reduction in the environmental impact by reducing the CO2 emissions by 
an estimated 400,000 tons/annum [2]. 
 
Research is being conducted into the use of cellulose based natural fibres (e.g. flax, jute, hemp) 
as potential replacements to glass fibres in composites [4-11]. The environmental impact of 
natural fibre composites is undeniably lower than that of glass or carbon composites. Reducing 
the analysis to just the energy needed for producing 1 kg of fibres, scutched flax needs only 
20% (̴ 10 MJ/kg) of the energy utilized to make glass fibres (̴ 50 MJ/kg) and 1.5% of carbon 
fibres (̴ 590 MJ/kg) [12, 13]. Natural fibre composites are also often claimed to be recyclable.  
When used with a thermoplastic matrix, the waste composite can be ground, pelletized and re-
used in injection moulded processes without a significant loss to the mechanical properties [14, 
15]. When no other recycling options are available, composites can be burned to produce 
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energy. When burning natural fibre composites, the fibres will burn as well without any 
residues. The burning process is almost CO2 neutral, since during its growth the plant absorbs 
CO2 from the atmosphere. All in all, the use of natural cellulosic fibres has a definite ‘green 
image’, which has been a major driving force for companies such as DaimlerChrysler AG and 
Mercedes, who are attempting to develop high performance composite materials using 
renewable resources [16]. 
 
Natural fibres also offer some unique mechanical properties; their low density and good 
specific strength and stiffness make them suitable for interior car components. Furthermore, 
the mechanical properties of natural fibres are improving due to better manufacturing and 
handling processes and surface treatments [17-19]. As the properties of natural fibres continue 
to improve, their use in semi-structural applications such as buildings and decking will grow. 
However, natural fibres may never be used in primary load-bearing structures by the aerospace 
and automotive industries. Insufficient adhesion between hydrophobic polymers and 
hydrophilic bio-fibres often results in poor mechanical properties of natural fibre reinforced 
polymer composites. Secondly, the properties of natural fibre are highly variable and depend 
on the conditions of growth and the inherent flaws within the fibre [10]. 
   
Hence, there is need for a type of fibre reinforcement that comes from a natural and renewable 
source and also possesses good mechanical properties. There is growing interest generated in 
using natural mineral fibres like basalt as reinforcements in polymer matrix composites. Basalt 
fibres offer unique economic, environmental and mechanical properties which has made it an 
attractive alternative to glass and carbon fibres as reinforcements in composites. Basalt fibres 
are relatively low cost, and have good environmental durability and mechanical properties 
which make them an alternative to glass and carbon fibres. Basalt fibres are being used in 
fabricating light, high-end hybrid composite materials for infrastructure and civil applications 
[20].  Basalt fibres are less energy intensive to manufacture (̴ 35 MJ/kg) compared to glass and 
carbon fibres [21]. Being a natural geo-mineral, basalt is easy to recycle and also poses no 
threat to the environment [21]. 
  
Regardless of the type of reinforcement used, it is well known that a major disadvantage of 
polymer based composite materials is their poor performance when exposed to high 
temperature environments (e.g. fire). The heat, smoke and gases released by a burning 
composite and the loss in structural integrity can make fire-fighting extremely hazardous and 
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increase the likelihood of fatalities [22]. The susceptibility of composites to fire has been one 
of the key issues in curtailing their use in many infrastructure and transport applications. Given 
that fire is a critical design factor in building as well as many other structural applications, it is 
important to understand the fire-structural resistance of any newly developed composite 
material that may potentially be used in load-bearing structures. 
 
1.2 AIM OF PhD PROJECT 
The primary focus of this PhD project is to investigate the structural properties of basalt and 
plant fibre polymer composites when exposed to thermally demanding environments. The 
thermal, physical and mechanical processes that influence the softening and failure of 
composites under the combined effects of fire and loading are investigated. This PhD also 
investigates the effects of temperature on the reduction in mechanical properties of fibres and 
the associated strength loss mechanisms.  
 
The sub-objectives of the PhD project are as follows: 
1. Investigate the effects of combined mechanical loading and fire on the survivability of basalt 
fibre composites, and bench-mark against E-glass fibre laminates. Adapt the existing 
analytical modelling framework used for other types of composites to predict the fire-
structural performance of basalt fibre composites. 
2. Determine the effects of thermal recycling on the reduction to the mechanical properties of 
basalt fibres and its composites. 
3. Investigate the mechanical properties and strength loss mechanisms of basalt fibres at high 
temperatures. 
4. Determine the fire-structural properties of polymer composites reinforced with natural flax, 
jute and hemp fibres, and bench-mark against E-glass fibre composites. 
 
The four research objectives are novel and add significantly to the understanding of the 
structural response of composites in thermally demanding environments like fire and thermal 
recycling. Objectives 1 and 4 have never been studied. There is very limited information 
published on Objectives 2 and 3. The knowledge gained by this PhD research will help develop 
strategic solutions enabling increased fire resistance of polymer matrix composites. 
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Understanding the strength loss mechanisms of basalt fibres at high temperatures can then be 
used to identify methods to alleviate the issues faced during thermal recycling. 
 
The expected outcomes of this project are as follows: 
1. In-depth understanding of the mechanisms controlling the softening and failure of basalt 
fibre composites when exposed to combined effects of fire and loading. 
2. Validation of analytical models to predict the thermal and mechanical response of basalt 
fibre composites exposed to fire. 
3. Understanding of the effects of temperature and heating time on the mechanical properties 
of basalt fibres.  
4. Confirmation of the strength loss mechanism in basalt fibres at high temperatures. 
5. In-depth understanding of the structural response of plant fibres and plant fibre-polymer 
composites at high temperatures and fire. 
 
1.3 PhD THESIS OUTLINE 
Chapter 2 contains a comprehensive and critical review of the published scientific literature on 
polymer composites in fire, plant fibre composites and basalt fibre composites. Section 2.2.1 
presents an overview of polymer matrix composites in fire, including the advances made in 
modelling.  Section 2.2.2 covers the major advances made in the field of natural fibre 
composites. Section 2.2.3 provides a comprehensive overview of research into basalt fibres and 
basalt fibre – polymer composites. Based on the literature review, major gaps have been 
identified, some of which form the basis for the research work performed in this PhD project.  
 
Presented in chapter 3 is a research study into the fire-structural resistance of basalt fibre 
composites under tensile loading. The fire resistant properties of basalt fibre composite are 
determined experimentally using small scale-fire-structural tests involving combined tensile 
loading and one-sided heating at a constant radiant heat flux. The thermal and mechanical 
response of basalt fibre composites exposed to fire are also investigated analytically using 
thermo-mechanical modelling. Mechanisms controlling the tensile softening and failure of 
basalt fibre composite in fire are investigated by tensile testing of basalt fibre tows following 
exposure to high temperature. The fire-structural survivability of the basalt fibre composite is 
compared against an equivalent E-glass fibre composite to assess their relative performance.  
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Chapter 4 presents an investigation into the fire-structural resistance of basalt fibre composite 
under compressive loading. Similar to the work described in chapter 3, the fire-structural 
survivability of basalt fibre composite under compression is determined experimentally and 
analytically. In addition, the fire reaction properties (mass loss, heat release rate and smoke 
density) of the basalt fibre composite are investigated to assess the risks associated with their 
combustion. The fire resistant and reaction properties of basalt fibre composite is compared to 
those of an equivalent E-glass fibre composite. 
 
Chapter 5 describes an experimental investigation into the reduction to the tensile fracture 
stress and the associated strength loss mechanism of basalt fibres during thermal recycling. 
Single filament tensile tests are conducted on heat-treated basalt fibres followed by an 
extensive fractographic analysis using a scanning electron microscope (SEM). Various other 
material characterisation techniques were used to identify the strength loss mechanisms of 
basalt fibres at high temperatures. The effect of using thermally recycled basalt fibres on their 
re-use in structural composites is also investigated. 
 
An experimental investigation into the fire-structural performance of polymer composites 
reinforced with continuous flax, jute or hemp fibres is presented in chapter 6. In addition, 
elevated temperature tensile tests were performed on plant fibre tows as well as their polymer 
composites to identify the softening mechanisms controlling the strength loss when exposed to 
fire. The fire reaction properties of flax, jute and hemp composites were also investigated. The 
fire-structural and fire reaction properties are compared against an equivalent E-glass 
composite to assess their relative performance. 
 
Chapter 7 presents a summary of all the major research findings and conclusions arising from 
this PhD project. This chapter also presents several research topics that require further 
investigation.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 ABSTRACT 
This chapter presents a comprehensive and critical review into published research on polymer 
composites exposed to high temperatures and fire. The latest advances made in the use of plant 
and basalt fibre composites as potential replacements to glass fibre composites are also 
included in this chapter. The literature review is divided into three major sections. The first part 
(section 2.2.1) covers composites in fire, which include thermal response, fire-induced damage 
and thermo-mechanical modelling. The second part (section 2.3.1) provides an overview on 
natural bast fibres (in particular flax, jute and hemp) and their respective composites. The final 
part (section 2.4.1) of this review covers the literature on basalt fibres and its composites.   
 
2.2 COMPOSITES IN FIRE 
2.2.1 Introduction 
One of the key parameters that is restricting the implementation of polymer matrix composites 
in certain industries is their flammability.  When composites are exposed to high temperatures 
(typically above 500°C), the polymer matrix starts to decompose and release heat and smoke.  
Organic fibres used as reinforcements such as aramid, polyethylene and plant fibres (e.g. flax, 
jute and hemp) also start to decompose and further contribute to the heat and smoke. Upon 
exposure to a fire, composite materials soften, distort and may eventually fail.  The heat, smoke 
and gases released by a burning composite combined with the loss in structural integrity can 
make fire-fighting extremely hazardous and increase the likelihood of human fatalities. As a 
result, a substantial amount of research has been conducted in understanding and improving 
the fire behaviour of composite materials. The fire properties of a diverse range of materials 
have been analysed in terms of their flammability, heat release and fire hazard [22]. 
Degradation in the mechanical properties of composite materials upon exposure to fire has also 
been a topic of intensive research. There has also been a significant amount of progress made 
on modelling the thermal and mechanical properties of polymer matrix composites.  
 
The fire hazard of a composite material can be defined by its fire reaction and fire resistant 
properties. Fire reaction properties describe the flammability and combustion properties that 
affect the early stages of fire; generally, ignition and flashover. Fire reaction properties also 
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refer to the smoke density and toxicity of a combustible material. The most important fire 
reaction properties that affect fire growth are heat release rate, time-to-ignition, flame spread 
rate, and limiting oxygen index. Fire resistance defines the ability of a material or structure to 
resist burn-through and retain mechanical integrity. 
 
The following sections (2.2.2-2.2.3) present a comprehensive review on the published research 
to characterise the fire reaction and resistance properties of polymer matrix composites. It 
covers the aspects of thermal, chemical and physical processes occurring within composites 
exposed to fire that eventually cause failure. This review also outlines progress made in 
modelling the thermo-mechanical behaviour of composites exposed to fire.  
 
2.2.2 Thermal Response and Damage to Composites Exposed to Fire 
2.2.2.1 Combustion Cycle of Polymer Matrix Composites  
The initiation and growth of fire is dependent on many factors including the type of fuel 
(calorific value), fuel load, fuel size (area), and oxygen content in the flame. The typical 
combustion cycle of a polymer matrix composite exposed to fire is shown in Figure 2-1. When 
a composite is heated to sufficiently high temperature, the polymer matrix and (if present) the 
organic fibres start to thermally decompose. Decomposition occurs by a series of chain scission 
reactions that breaks down the polymer chains into solid char and low molecular weight 
volatiles that diffuse into the flame. The hydrocarbon volatiles react with the surrounding 
oxygen and can ignite. Ignition can only occur when the concentration of oxygen in the fire 
environment is above a minimum value (typically 10-12%) [23]. In the case of polymer matrix 
composites, the material itself can be a rich source of fuel that causes the temperature to rise 
and the flame to spread [22]. The combustion process at the boundary between the fire and 
composite surface is a complex process which involves a number of exothermic reactions that 
produce more heat and sustains the decomposition process. The combustion cycle only stops 
when the fuel source has been exhausted, which is when the organic components within a 
composite have been fully degraded, or when the oxygen concentration in the atmosphere has 
been depleted to a low level (under 10-12%). 
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Figure 2-1. Typical combustion cycle of a polymer matrix composite [22]. 
 
The combustion cycle of composite materials is typically represented by a temperature-time 
curve as shown in Figure 2-2.  The temperature within the composite and combustion zone 
varies significantly depending upon the respective stages of fire growth, and is discussed 
below. 
 Ignition: The initial stage of a fire, where the fuel source (polymer matrix and/or organic 
fibres) ignites and undergoes sustained flaming combustion. Depending on the type of 
material, ignition can occur over a long period of time, with a high production of gases, 
smoke and low heat release (smouldering ignition), or over a short period, characterised by 
flaming combustion and high heat release (flaming ignition) [7]. 
 Growth: A further rise in temperature depending on the amount of oxygen and external 
sources of fuel available.  
 Flashover: Occurs when the fire is fully developed and all the combustible items 
surrounding the composite structure catch fire. 
 Fully developed fire: Occurs when the heat release rate and temperature of a fire are at their 
highest.   
 Decay: Occurs as the fuel and other combustible materials start to run out, causing the 
temperatures to fall. Decay can also be caused by active fire suppression methods like 
sprinklers or when the oxygen concentration in the fire environment is decreasing. 
9 
 
 
Figure 2-2.Typical growth stages of a compartment fire [7]. 
 
2.2.2.2 Fire-Induced Damage to Composites 
In the past few decades, the influence of fire-induced damage on the fire reaction and structural 
properties of polymer matrix composites has been a topic of intense investigation [22-27]. The 
types of damage include matrix decomposition, pore formation, matrix cracking, fibre-matrix 
debonding and char formation (Figure 2-3). The types and amount of damage depends on the 
incident heat flux and the composite material (e.g. matrix type, fibre volume content, etc.).  
 
(a) 
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(b) 
Figure 2-3. Types of fire induced damage in polymer matrix composites [22]. 
 
Damage caused to composites in fire is due to a combination of various thermal, chemical and 
physical processes occurring simultaneously as shown in Figure 2-4. During its initial stages, 
the heat flux radiated by the fire source is partially absorbed (with some emitted) by the 
composite. At this point, there is a rapid rise in the temperature of the heat-exposed surface. 
The rate at which the temperature rises changes as the temperature of the heat-exposed surface 
starts to equilibrate with its surrounding.  A portion of the radiant heat emitted by the fire gets 
conducted through the composite. The rate at which the heat is conducted depends on the 
incident heat flux and the thermal conductivity of the fibre reinforcement, polymer matrix and 
the void content within the composite. Thermal conductivity is a function of temperature, and 
is lower for polymer matrix composites compared to metals. Due to the low through-thickness 
thermal conductivity of composites, the heating rate is non-uniform, being highest at the heat 
exposed surface and decreasing rapidly towards the cold surface. 
11 
 
 
(a) 
0 100 200 300 400 500 600 700
Temperature (°C)
Heat conduction
Internal pressure rise
Delamination & matrix cracking
Matrix pyrolysis
Char formation
Gas flow
Matrix softening
 
(b) 
Figure 2-4. Various physical and chemical processes occurring within and around the composite 
during combustion [27]. 
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As the temperatures within the composite increases, it starts to expand. The amount of 
expansion depends on the in-plane and out-of-plane thermal expansion coefficients of the 
composite, which are a function of temperature as the polymer matrix undergoes phase 
changes. As the temperature gets close to the glass transition temperature (Tg) of the polymer 
matrix (typically between 120-200°C for thermoset resins), the polymer undergoes a glassy-
to-rubbery transformation. As the temperatures go beyond 200°C, delamination and matrix 
cracking occurs within the laminate. The cracking is caused by the rise in internal pressure, 
thermally induced strains caused by thermal expansion, and reduced interlaminar fracture 
toughness caused by matrix softening [27]. Cracking is usually more severe when there is a 
large difference in fibre orientation between neighbouring plies, which increases the thermal 
expansion mismatch. The delamination cracking zone extends through-the-thickness towards 
the cold surface with a prolonged exposure to the fire. 
 
Thermal decomposition of the polymer matrix and (if present) organic fibres occurs first at the 
heat-exposed surface where temperatures are the highest. Most organic fibres and polymers 
decompose between 300-600°C. The process usually involves breaking down of long 
molecular chains via a complex series of random chain scission reactions which are usually 
endothermic. The decomposition reactions yield low molecular weight hydrocarbons, CO2, 
carbon monoxide and other volatiles along with carbonaceous char. The volatiles flow towards 
the heated surface of the composite and cause a convective cooling effect which counteracts 
the heat conduction process. The composite experiences a convective cooling effect since the 
volatiles are cooler than the decomposed material through which they flow. The flow of 
volatiles from the decomposition zone obstructs the ability of oxygen to diffuse much beyond 
the surface layers of the composite. Therefore, for particularly thick sections, the 
decomposition process is largely independent of the atmospheric oxygen and is mainly driven 
by heat. 
 
Thermal decomposition of the polymer matrix is associated with a decrease in the mass of the 
composite and increase in heat release rate (HRR). Part of the polymer is decomposed into 
volatiles and the rest of its original mass is converted to char. Char is a porous material that 
can consist of highly crystalline (graphitic) and/or amorphous regions, with the relative 
amounts of these phases determined by the original chemical composition of the polymer and 
the temperature. The formation of char near the heat exposed surface of the laminate is 
sometimes considered to be beneficial to the fire reaction properties by slowing combustion. 
13 
 
Char can act as an insulation layer since its thermal conductivity is lower than that of the virgin 
composite material, thereby slowing the heat conduction. The char layer also acts as a barrier 
to the diffusion of oxygen and protects the remainder of the composite from oxidation effects. 
With continued exposure to fire, the char layer progresses inwards from the heat exposed 
surface as the temperature becomes sufficiently hot to decompose the polymer matrix. The char 
can eventually volatize by oxidation at high temperatures (typically above  ̴ 600°C) [27]. 
Reactive fibres like carbon will oxidise and organic natural fibres will fully decompose at 
temperatures beyond ̴ 400-550°C.  
 
2.2.3 Thermo-Mechanical Modelling of Composites in Fire 
Until recently, models to analyse the structural behaviour of polymer composites in fire were 
not available. The conventional approach to assess the fire-structural response has been to 
perform large-scale fire-structural tests on composite components [28]. However, the 
information provided by these tests is limited to the specific fire test condition.  It is difficult 
to extrapolate the information from these tests to predict the structural performance of 
composites in other fire scenarios. Developing numerical and analytical models has enabled a 
better understanding of the dominant mechanisms which cause failure when composite 
structures are exposed to fire.  
 
The most common method to model the fire-structural performance of polymer matrix 
composites is to separate the thermal and mechanical components. Thermal modelling involves 
calculating the temperature of the composite as a function of increasing exposure time to fire. 
It is the critical first step towards predicting the fire-structural performance of composites since 
the damage caused within the composite is dependent on the temperature and heating time.  
Mechanical modelling involves computing the mechanisms and the time it takes for a 
composite to fail when exposed to fire.  
 
2.2.3.1 Modelling Thermal Response of Composite to Fire 
Modelling the thermal response of composites in fire has been adapted from the work 
conducted on wood [29, 30].  Bamford et al. [31] were the first to propose a mathematical 
model to predict the thermal response of a decomposing organic material. The model consisted 
of a one-dimensional (1-D) transient heat conduction equation with an additional term to 
account for the energy associated with thermal decomposition. Another 1-D model was 
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developed by Tinney [32], where heat transfer was described by the Fourier conduction 
equation via convection and radiation at the surface.  Kanury [33] and Spindler [34] proposed  
models that included the effects of gas flow through the char structure and the temperature-
dependent heat of gasification.  Kung [35] conducted a theoretical study on the pyrolysis of a 
wooden slab exposed to one-sided heating, which separated the material into its active and 
residual components. Kansa. et al [36] developed a 1-D model featuring the variable thermal 
and physical properties of wood, a time-dependent surface radiant flux, a pyrolysis reaction 
and arbitrary boundary conditions. The above mentioned models were adapted for composites 
in fire by Henderson and colleagues [29, 30, 37, 38], Sullivan and Salamon [39-41] Springer 
and colleagues [42, 43], Dimitrienko [44, 45] and Gibson [46]. Each of these models have the 
capability to calculate the temperature within a composite exposed to fire as a function of time, 
but differ in the processes that are considered in the analysis. 
 
The most commonly used model to predict the temperature distribution in composites exposed 
to fire was developed by Henderson et al. [29], and has the following features: 
 The model takes into account pyrolysis of the polymer matrix as well as carbon-silica 
reactions (e.g. char-to-glass fibre) 
 Applies an nth order kinetic rate equation for the decomposition reactions 
 Analyses the effects of decomposition gases flowing through the char structure 
 Analyses the temperature and mass dependent physical properties 
The 1-D non-linear equation developed by Henderson and colleagues is expressed by [29]: 
𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
= 𝑘
𝜕2𝑇
𝜕𝑥2
+
𝜕𝑘
𝜕𝑥
𝜕𝑇
𝜕𝑥
− ?̇?𝑔𝐶𝑝(𝑔)
𝜕𝑇
𝜕𝑥
−
𝜕𝜌
𝜕𝑡
(𝑄𝑃 + ℎ𝑐 − ℎ𝑔)                                                (2-1)           
T is the temperature and t is time.  ρ, Cp and k are the density, specific heat capacity and 
transverse (through-thickness) thermal conductivity of the material respectively. The terms ṁg 
and Cp(g) are the mass flux and specific heat capacity of the volatile gases, respectively. Q, hc 
and hg represent the decomposition energy of the polymer matrix (endothermic), enthalpy of 
the solid phase and the enthalpy of the volatile gases, respectively. The enthalpies of the solid 
and gas phases are defined as: 
ℎ𝑐 = ∫ 𝐶𝑝𝑑𝑇
𝑇
𝑇∞
                                                                                                                      (2-2) 
ℎ𝑔 = ∫ 𝐶𝑝(𝑔)𝑑𝑇
𝑇
𝑇∞
                                                                                                                 (2-3) 
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The first term on the right-hand side of equation 2-1 represents the effect of through-thickness 
heat conduction.  The second term accounts for the influence of changing through-thickness 
thermal conductivity with increasing temperature. This term is a complex property and is 
generally measured experimentally over a wide range of temperatures. The third term considers 
internal convection of thermal energy due to the flow of hot decomposition gases towards the 
heated surface. The last term represents the change in temperature due to generation or 
absorption of heat resulting from matrix decomposition. 
 
The model was experimentally validated by Henderson et al. [29] using a glass/phenolic 
composite exposed to a radiant heat flux of 280 kW/m2. Figure 2-5 compares the calculated 
and measured temperatures at different locations below the heated surface of the composite. 
There was good agreement between the model and experiment, with some minor discrepancies 
being attributed to the exclusion from the model of physical and chemical processes occurring 
within the material such as thermochemical expansion.  
 
Figure 2-5. Experimental verification of the model developed by Henderson et al. The distances are 
the locations below the fire-exposed surface of the composite [29] 
 
Gibson et al. [46] modified the thermal equation by Henderson et al. [29] to include the 
decomposition reaction rate of the polymer matrix:   
𝜌𝐶𝑝
𝜕
𝜕𝑥
(𝑘
𝜕𝑇
𝜕𝑥
) − ?̇?𝑔
𝜕
𝜕𝑥
ℎ𝑔 − 𝜌𝐴 [
(𝑚−𝑚𝑓)
𝑚0
]
𝑛
𝑒−
𝐸
𝑅𝑇(𝑄𝑝 + ℎ𝑐 − ℎ𝑔)                                        (2-4) 
16 
 
The mass loss kinetic parameters for the polymer matrix, A, E and n must be measured 
experimentally using thermogravimetric analysis (TGA). This model can also be used to 
compute the reduction to the residual resin content (RRC) with time using a finite difference 
technique. The thermal model has been used successfully to calculate the temperature-time 
curves and mass loss of several types of thermoset laminates [47-49]. For example, Figure 2-6 
shows the temperature-time curves for E-glass/vinylester laminates exposed to the incident 
heat fluxes of 10, 25, 50 and 75 kW/m2 in a study conducted by Feih et al. [49]. The dashed 
lines represent experimental data while the solid lines are obtained from the thermal model 
developed by Gibson et al. [46]. 
 
Figure 2-6. Experimental verification of the model developed by Gibson et al. [46]  in a study 
conducted by Feih et al. [49] 
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2.2.3.2 Modelling Compression Response of Composites in Fire 
Several models have been developed to calculate the mechanical properties, softening and 
failure of composites under the combined influence of fire and compressive loading. Each 
model uses different mechanics-based theories to analyse the reduction in compressive 
properties of the laminate as it is heated by fire. The mechanical analysis includes average 
strength [25, 47, 50], Euler buckling [51] and visco-elastic softening [52, 53] for laminates. 
Along with different mechanical theories, the models also differ in the scale of the analysis, 
ranging from unit cell analysis of the individual fibres and polymer matrix [54-56] to bulk 
analysis in which the ply properties are smeared over the volume of the material [25, 47, 50]. 
 
While the models rely on different mechanical analysis to calculate the compression properties, 
they all use the same thermal analysis technique to predict the temperature distribution within 
the composite [27].  The temperature distribution is then used to calculate the reduction in 
compression properties through the composite. The mechanical models assume that the 
properties of the laminate are matrix dominated and decrease via single-stage glass transition 
softening of the polymer with increasing temperature. The reduction in properties due to glass 
transition softening cannot be calculated, and instead must be measured experimentally. The 
property data is then related to temperature using an empirical expression relating the property 
to temperature. Several curve fitting techniques can be used to empirically fit the elevated 
temperature data. Two of the most commonly used are the polynomial [51, 57] and hyperbolic 
tanh [25, 47, 50] functions, and are defined in equations 2-5 and 2-6 respectively. 
𝑃(𝑇) = [1 − 𝜉1 (
𝑇−𝑇∞
𝑇𝑔−𝑇
) − 𝜉2 (
𝑇−𝑇∞
𝑇𝑔−𝑇
)
2
− 𝜉3 (
𝑇−𝑇∞
𝑇𝑔−𝑇
)
3
] 𝑃0                                                     (2-5) 
𝑃(𝑇) = (
𝑃0+𝑃𝑅
2
−
𝑃0+𝑃𝑅
2
tanh (𝜉(𝑇 − 𝑇𝑔)))                                                                         (2-6) 
Where P0 is the room temperature property and PR is the property of the material at the fully 
softened state. 𝜉 is a fitted material constant, and its value is obtained experimentally. Equations 
2-5 and 2-6 can only be used to calculate the property loss due to glass transition (viscous) 
softening of the polymer matrix. The equations do not consider other contributions to the 
softening process (e.g. pore formation, delamination, etc.). As a result, Gibson et al. [50] 
developed an extended version of equation 2-6 that considers the effects of both viscous 
softening and decomposition of the polymer matrix: 
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𝑃(𝑇) = (
𝑃0+𝑃𝑅
2
−
𝑃0+𝑃𝑅
2
tanh (𝜉(𝑇 − 𝑇𝑔))) 𝑅
𝑛(𝑇)                                                             (2-7) 
The first term on the right hand side of the equation considers viscous softening and the second 
term (Rn) analyses property losses caused by matrix decomposition. 
 
Current approaches to model the compressive softening of a composite exposed to fire use 
empirical curve fit equations to calculate the reduction to the properties at several locations 
through the material as a function of the local temperatures. It is from this point in the analysis 
that the models use different mechanical theories to calculate the structural response and failure 
of composites [27].  The most commonly used model was developed by Feih and colleagues 
[25, 47], and it calculates the reduction to the compression strength and survival time of 
composites in fire. The model uses thermal analysis to calculate the temperature distribution 
and then isothermal mechanical analysis to calculate the residual compression strength at 
different locations through the material. The local strength values [σ(x)] are averaged over the 
load-bearing area using Simpsons integration to determine the reduction to the average bulk 
compression strength of the composite at any given time: 
𝜎𝑎𝑣 =
1
𝑡
∫ 𝜎(𝑥)𝑑𝑥
+𝑡
2⁄
−𝑡
2⁄
                                                                                                           (2-8) 
where 
 ∫ 𝜎(𝑥)𝑑𝑥 =
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[𝜎(𝑥0) + 4𝜎(𝑥1) + 2𝜎(𝑥2)+. .  2𝜎(𝑥𝑦−2) + 4𝜎(𝑥𝑦−1) + 𝜎(𝑥𝑦)]
+𝑡
2⁄
−𝑡
2⁄
    (2-9)                                      
m defines the number of locations in the through-thickness direction where the local strength 
values are calculated and t is the thickness of the laminate. When the average compression 
strength calculated using Equation 2-8 falls below the applied compression stress, the 
composite is assumed to fail. Despite not taking into account time-dependent creep softening 
and delamination cracking [27], the average strength model is able to predict the survival time 
of compression-loaded composites with reasonable accuracy as shown, for example in Figure 
2-7 for a fibreglass laminate subjected to static compression loading and one sided heating at 
several heat fluxes.   
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Figure 2-7. Experimental verification of the model by Feih et al. [47] for failure times for E-
glass/vinylester composite subjected to combined fire and compression loading scenarios. The data 
points represent experimental data while the solid curves are obtained from the model. 
 
Buasano et al. [58] developed a model based on the viscoelastic creep of the polymer matrix 
and microbuckling of fibres. Boyd et al. [59] built on this study to include the effects of non-
linear matrix thermo-viscoelasticity and shear relaxation modulus, which was then used to 
develop a temperature-time dependent compression model shown below: 
𝜎𝑐(𝑡, 𝑇, 𝜏) = 𝐺12(𝑡, 𝑇, 𝜏) [1 + 𝑛
∗ (
3
7
)
1
𝑛∗
(
∅̅
𝛾𝑦⁄
𝑛∗−1
)
𝑛∗−1
𝑛∗
]
−1
                                                      (2-10) 
where G12 and τ are the in-plane shear relaxation modulus and shear stress, both of which are 
dependent upon the temperature (T) and time (t). n and ∅̅ 𝜸𝒚⁄  represent the strain hardening 
parameter and the imperfection ratio respectively and are determined using Ramberg-Osgood 
analysis of strength data for shear coupons ([±45°]2s). In the model, the composite is assumed 
to fail by micro-buckling (kinking) of the load-bearing fibres due to thermal softening of the 
polymer matrix. Boyd and colleagues [59] found good agreement between their model and 
experimental data for glass/vinylester laminates exposed to heat fluxes under 20 kW/m2, as 
shown in Figure 2-8. 
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Figure 2-8. Compression creep rupture lifetimes of glass/vinylester laminates subject to a one-sided 
constant heat flux [59]. 
 
Lua [55] developed a dual function finite element micromechanics model that could not only 
bridge the material response from one length scale to another, but also quantify the composite 
thermal-mechanical properties at a given state of constituent damage. The model uses mapping 
relations at different micro-structural levels which are derived based on multi-cell 
homogenization, inter-cell compatibility conditions and energy methods.  It considers a 
representative cell with a known number of sub-cells, each of which is assumed to be an 
orthotropic ply. The stiffness matrices of the cell and sub-cells are determined and mapping 
relations derived to calculate their respective thermal stress components. The model has been 
validated using glass/epoxy and glass/vinylester laminates, with good agreement. 
 
2.2.3.3 Modelling Tensile Response of Composites in Fire 
The tensile properties of a composite are controlled by both the fibre reinforcement and 
polymer matrix. As a result, modelling the fire-structural response of composites under tensile 
loading is more complicated than compression as the models have to account for the softening 
effects of the fibre as well as the matrix. Very little research has been done on modelling the 
tensile properties of composites exposed to fire [25, 49, 50, 60].  
 
Gibson et al. [50] used laminate analysis and the relationship shown in equation 2-7 to 
determine the fire-structural resistance of a woven glass/polyester laminate under tensile 
21 
 
loading. The model was validated against experimental data of laminates subjected to various 
tensile loads while being exposed a constant one-sided heat flux of 75 kW/m2. The value of ‘n’ 
was set to zero in Equation 2-7 since it was assumed that the tensile failure is not significantly 
influenced by resin decomposition, and instead is controlled by the fibre reinforcement. The 
model significantly under predicted the failure times compared to the experimental data. The 
differences were attributed to the non-linearity of the tensile stress-strain behaviour of the 
composite, which was not taken into account by the model. The non-linearity allows greater 
load sharing between plies, thereby increasing the failure times. To analyse the effect of load 
sharing between plies, a simple averaging of the strengths was carried out across the load-
bearing cross section of the laminate. This method significantly improved the agreement with 
the experimental data, as shown in Figure 2-9. 
 
Figure 2- 9. Time to failure predictions using the model by Gibson et al. [50] along with experimental 
data points. This is for a fibreglass laminate exposed to a heat flux of 75 kW/m2. 
 
Feih et al. [25, 49] developed a model based on the average strength approach for composites 
reinforced with silica-based fibres (e.g. glass). A flowchart for the modelling approach is 
shown in Figure 2-10.  
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Figure 2-10. Flowchart of the analytical process used to predict the time to failure of polymer matrix 
composites under tensile loading [49]. 
 
The modelling approach involves calculating the temperature distribution through the laminate 
with increasing time using the thermal model. Once the temperature profiles have been 
analysed, the tensile strengths of the polymer matrix and the glass fibres at different locations 
through the composite are calculated from the known temperature at each location. The 
reduction to the tensile strength of the polymer matrix at elevated temperatures is calculated 
using a hyperbolic ‘tanh’ function given by Equation 2-7. The reduction in the tensile strength 
of glass fibres was assumed to be a function of temperature (T) and time (t) according to the 
empirical relationship: 
𝜎𝑓(𝑡, 𝑇) = 𝜎𝑓(0) − 𝜎𝑙𝑜𝑠𝑠(𝑇)tanh [𝑘𝑓(𝑇)𝑡]                                                                          (2-11) 
Where σf(0) is the room temperature fibre strength. σloss(T) is the fracture stress of the fibre at 
elevated temperature, which is calculated using: 
𝜎𝑙𝑜𝑠𝑠(𝑇) =
𝜎𝑓(0)
2
+
𝜎𝑓(0)𝑡𝑎𝑛ℎ[𝑝𝑓(𝑇−𝑇50%)]
2
                                                                              (2-12) 
T50% is the temperature at which the fibre loses 50% of its room temperature strength. Pf is an 
empirically derived curve fitting constant. kf(T) in Equation 2-11 defines the strength loss rate, 
which is determined using: 
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𝑘𝑓𝑏(𝑇) = 𝑘1𝑒
𝑘2𝑇                                                                                                                  (2-13) 
where k1 and k2 are constants depending on the type of fibre. 
 
This analysis is only valid for silica-based fibres (e.g. glass). Different fibre strength analysis 
which considers thermo-oxidation is required for carbon fibres, although this has not yet been 
performed. Based on Equations 2-12 and 2-13, a modified rule-of-mixtures equation was 
developed by Feih et al. [49] to determine the tensile strength at any location through the 
composite based on the local residual failure stresses of the fibre and matrix: 
𝜎(𝑗)(𝑇, 𝑡) = ∅𝐿𝑇(𝑇)𝑉𝑓𝜎𝑓𝑏(𝑗)(𝑇, 𝑡) + (1 − 𝑉𝑓)𝜎𝑚(𝑗)(𝑇) 𝑤𝑖𝑡ℎ ∅𝐿𝑇 ≤ 1                               (2-14) 
LT is a parameter to account for the stress transfer efficiency between the fibres and matrix as 
the polymer softens, and it must be experimentally determined using elevated temperature 
tensile strength data. Once the tensile strength at various locations through the composite had 
been computed, the bulk tensile strength as a function of fire exposure time can be calculated 
using the Simpson integration technique (Equation 2-9). 
 
This model was validated experimentally by performing small-scale fire-structural tests on E-
glass-vinyl ester composites exposed to a constant one-sided incident radiant heat flux. As 
shown in Figure 2-11, this model can compute the failure times with reasonable accuracy. The 
effects of thermally induced strain, pore formation, delamination cracking and fibre-matrix de-
bonding were ignored in this model. Development of new models which include these 
processes will improve the accuracy in predicting the softening and failure of composites under 
combined fire exposure and tensile loading.  
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Figure 2-11. Experimental verification of the failure times at heat fluxes of 10, 25, 50 and 75 kW/m2 for 
E-glass vinylester composites. The data points are experimental values and the curves are calculated 
[49]. 
 
2.3 NATURAL FIBRES AND THEIR COMPOSITES 
2.3.1 Introduction to Natural Fibres 
Natural fibres are raw materials which are directly extracted from the leaf, inner bark, or 
fruit/seed crop of a plant, from animal wool/hair, or from mineral products. The wide range 
and different types of natural fibres are shown in Figure 2-12. Until recently, natural fibres 
were only used in textile and non-structural applications. However, with the selection of 
materials becoming increasingly influenced by their inherent environmental impact and 
sustainability, the use of eco-friendly natural fibres is emerging as a potential alternative to the 
more conventional fibre reinforcements such as carbon, aramid and glass [3]. It is forecast that 
bio-fibres will account for approximately 28% of the total reinforcement materials in 
composites by the year 2020 [61]. 
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Figure 2-12. Classification system for different types of natural fibres [16]. 
 
The key incentive for using plant fibres is their low environmental impact, bio-degradability, 
low density and good specific mechanical properties. Plant fibre composites offer the potential 
to create large volume, bio-degradable structural components using only renewable resources, 
thereby reducing the quantities of embodied energy. Using plant fibre composites also reduces 
construction waste and increases energy efficiency, providing a solution to the immediate 
infrastructure needs while also promoting sustainability [62]. Efficiently produced plant 
composites provide a minimal carbon footprint due to their incorporation of CO2-absorbing 
natural resources [18]. Amongst other advantages, plant fibre composites offer excellent sound 
absorbing efficiency and are more shatter resistant than glass fibre reinforced laminates [11]. 
As a result, they are increasingly being used in automotive parts, where the incorporation of 
natural fibre composites reduces the component mass and lowers the energy needed for 
production by ̴ 80% [63]. Plant fibre composites can be used for door panels, headrests, parcel 
shelves and upholstery in automobiles. Other emerging markets for natural fibre composites 
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are construction, marine (boat building materials) and sporting equipment. The following 
sections present a comprehensive overview on the current status and the advances made on 
natural cellulosic bast fibres and their polymer composites.   
 
2.3.2 Chemical composition and structure of bast fibres 
The most common type of plant based fibres used in polymer composites are bast fibres, 
defined as fibres extracted from the outer layers of the stems [64]. Bast fibres include flax 
(Linum usitatissimum), hemp (Cannabis Sativa L), jute (Corchorus capsularis) and kenaf 
(Hibiscus cannabinus). Flax and hemp plants are more commonly found in temperate regions 
whereas jute and kenaf are tropical plants [65]. The principal components of the fibre cell walls 
are cellulose, hemicellulose and lignin, with pectin normally considered the main binder [65]. 
Cellulose is the most important structural component of nearly all green plant cell walls; 
making up approximately 70% of the total fibre composition [11]. Cellulose (C6H10O5) n is a 
strong, crystalline molecule with no branching. It has good resistance to hydrolysis, although 
all chemical and solution treatments will degrade it to some extent [65]. Hemicelluloses are 
lower molecular weight polysaccharides, often co-polymers of glucose, glucuronic acid, 
mannose, arabinose and xylose, which may form random, amorphous branched or non-linear 
structures having low strength [65]. Lignin is formed by non-reversible removal of water from 
sugars (primarily xylose) to create aromatic compounds [66]. Lignification progresses as the 
plant matures conferring mechanical stability [65]. As lignin becomes more rigid, it is localised 
away from the lumen surface and porous wall regions to maintain wall strength and 
permeability and assist with the transport of water [67]. The composition of different bast fibres 
is given in Table 2-1. 
Table 2-1. Different constituents and their respective amounts present in natural fibres [18] 
 Hemicellulose 
(wt%) 
Cellulose 
(wt%) 
Lignin 
(wt%) 
Pectin 
(wt%) 
Waxes 
(wt%) 
Flax 18.6-20.6 62-72 2-5 2.3 1.5-1.7 
Hemp 15-22.4 68-74.4 3.7-10 0.9 0.8 
Jute 13.6-20.4 59-71.5 11.8-13 0.2-0.4 0.5 
 
In general, bast fibres can be considered to be hollow composites consisting of crystalline 
cellulose fibrils which are bound together by an amorphous lignin and hemicellulose matrix  
[68]. A schematic of the multi-scale structure of bast fibres is shown in Figure 2-13. At the 
macroscopic level, a plant stem is composed of an outer epidermis, cortex, bast fibre bundles, 
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phloem, xylem and a central void known as pith, as shown in Figure 2-14. The cross-section 
of a fibre bundle contains approximately 10-40 elementary fibres which are bound together 
mainly by pectin. At the microscopic scale, each elementary fibre is itself made up of 
concentric cellular walls as shown in Figure 2-15.  The microstructure of an elementary fibre 
is extremely complex due to the hierarchical organisation at different length scales and 
materials present in different proportions.  
 
 
Figure 2-13.Multi-scale structure of bast fibres [69] 
 
Figure 2-14. Flax cross-section showing underlying tissues. Ep: Epidermis, C: Cortex, BF: Bast 
Fibres, P: Phloem, X: Xylem and Pi: Pith [70] 
 
Figure 2-15. Schematic of an elementary fibre showing different cell wall layers [71] 
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The hierarchical architecture of bast fibres consists of an outer layer with a primary cell wall 
(0.1-0.5 µm thick) which is flexible enough to allow wall expansion during growth [72]. The 
secondary wall accounts for approximately 80% of the fibre cross-section, and is composed of 
three layers, S1 (0.5-2 µm thick), S2 (5-10 µm) and S3 (0.5-1 µm) [71], as shown in Figure 2-
15.  The bulk of the fibre cross-section consists of the S2 layer of the secondary wall [11]. This 
layer contains crystalline cellulose micro-fibrils which are oriented at angles of 7-10° to the 
fibre axis, depending on the type of fibre [18]. The micro-fibrillar angle controls the axial 
mechanical properties of the elementary fibre, as smaller angles typically lead to higher 
strength and stiffness and larger angles provide higher ductility [11, 18]. The crystalline micro-
fibrils are bound by an amorphous hemicellulose/pectin matrix [71]. In the centre of the fibre, 
there is a hollow cavity called the lumen. 
 
2.3.3 Mechanical Properties of Plant Fibres 
Many studies have characterised the mechanical properties of plant fibres [4, 6, 15, 16, 18, 68, 
71, 73-77]. Amongst the bast fibres, flax fibres have been widely reported to possess the highest 
mechanical properties, as shown in Table 2-2.  The stiffness of flax fibre compares favourably 
with E-glass fibre, be it for a density which is two times lower [78].  The specific strength and 
stiffness of jute and hemp fibres are also comparable to E-glass fibre owing to their low density. 
  
Table 2-2. Mechanical properties of natural bast fibres compared to E-glass and carbon fibres [10, 79-
81]. 
 
E-glass Carbon 
(T300-T700) 
Hemp Jute Flax 
Density, g/cm3 2.55 1.8 1.48 1.46 1.45 
Tensile Strength [MPa] 2000-2400 3530-4900 550–900 400–800 800–1500 
Young’s Modulus [GPa] 70-74 230 40-65 10–30 55-75 
Specific Strength [MPa cm3/g] 780-940 1900-2700 370-600 275-550 55-1030 
Specific Stiffness [GPa cm3/g] 27-29 128 27-44 7–21 38-52 
Elongation to failure [%] 3 1.5-2.1 1.6 1.8 1.5–2 
Moisture absorption [%] - - 8 12 7 
 
Plant fibre composites also have excellent sound and vibration damping properties [82-84]. For 
example, Prabhakaran et al [84] compared the sound and vibration damping properties of 
composites reinforced with flax or glass fibres. Experimental studies revealed that the sound 
absorption coefficient of flax fibre composites was 25% higher compared to an equivalent glass 
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fibre composite at any given frequency. Flax fibre composites also had superior vibration 
damping (̴ 50% higher).  Similar results were obtained by Duc et al. [83] where flax fibre 
composites showed higher damping compared to carbon and glass fibre composites. The good 
damping properties of natural fibre composites led researchers to develop the concept of 
‘hybrid flax-carbon composites’ where the stiffness of carbon fibre composites is combined 
with the high damping of flax composites [82]. This innovative concept is now widely used in 
sports equipment [10, 78].  
 
2.3.4 Issues with plant fibre composites 
There is on-going research to maximise the potential of plant fibres as reinforcement for 
polymer matrix composites. However, there are several problems and limitations with using 
plant fibres. Plant fibre composites are hydrophilic and have lower impact properties and 
environmental durability compared to glass fibre laminates [85-87]. Some of the most 
important factors impeding the use of plant fibres in composites are discussed below.  
 
Plant fibre properties are highly variable and depend upon the conditions of growth [10]. At 
the plant growth stage, the fibre quality is affected by the plant species, soil quality, 
fertilization, field location, climate and harvest time [88]. The temperatures at which the plants 
are grown, as well as the location of fibres within the plant strongly influence the mechanical 
properties [89]. Variations in the cross-sectional area of the fibres, extraction processing 
methods, damage incurred in handling and processing, and differences in drying conditions can 
further degrade the mechanical properties [75, 90]. Other factors affecting the fibre quality at 
various stages of production are summarized in Table 2-3. 
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Table 2-3. Factors affecting plant fibre quality at various stages of production [11]. 
 
 
Another major drawback of using natural fibres is poor adhesion with the polymer matrix. A 
role of a matrix in composites is to transfer the load to the stiff fibres via shear stresses at the 
interface. Poor adhesion between hydrophobic polymers and hydrophilic fibres reduces the 
mechanical properties of the composite and leaves it vulnerable to environmental degradation. 
The three factors controlling the bond strength between two materials are mechanical 
interlocking, molecular attractive forces and chemical bonds. Ideally, the hydroxyl groups in 
the polymer should form hydrogen bonds with hydroxyl groups in plant fibres [68]. However, 
the bond strength is weakened by the presence of water at the interface. When water evaporates 
during elevated temperature curing, voids and other defects are created at the fibre-matrix 
interfaces. If fibres are  pre-dried, improved bonding can result and future moisture uptake is 
limited due to lack of available hydroxyl bonding locations [68]. 
 
 Apart from drying fibres, the interfacial properties can also be improved via various physical 
(e.g. cold plasma, corona) and chemical (e.g. maleic anhydride, organosilanes, sodium 
hydroxide) treatments [91, 92]. As an example, Gassan et al. [93]  measured a 30% 
improvement to the tensile and flexural properties of jute-epoxy composites by surface treating 
the fibres with silane. Tripathy et al.[94] found that delignification by bleaching improves the 
interfacial bonding between jute fibres and polyester, thereby increasing the mechanical 
properties of the composite. It is also common practice to introduce additives to the matrix to 
improve adhesion and mechanical properties. Huang and Netravali [95] combined soy protein 
concentrate (SPC) powder and micro-bamboo fibrils to make a fully bio-degradable composite. 
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The addition of (3-isocyanatopropyl) triethoxysilane (among other chemical modifiers) to the 
matrix increased the toughness and fracture strain, but had little effect on strength or stiffness 
of the composite.   
 
Due to their flammable nature, composites incorporating plant fibres pose an increased fire 
risk. Research has been conducted to characterise the fire reaction properties and fire retardant 
strategies [3, 7, 96-99] for plant fibre composites. However, very little work has been done to 
characterise the loss in mechanical properties of plant fibres with increasing temperature [71, 
77, 100] or their structural performance in fire. 
 
Thermal decomposition of plant fibres has been studied using the mass loss and derivative 
curves obtained from thermogravimetric analysis (TGA). Lignocellulosic bast fibres 
decompose via a 3-stage process (three peaks in the derivative curve), which has been reported 
by various authors [68, 77, 98, 101] and is summarized in Table 2-4. The first stage occurs at ̴ 
100°C, and corresponds to the evaporation of water from the fibres. The second phase occurs 
between 160-350°C, and is related to the decomposition of lignin, hemicellulose and cellulose. 
During thermal decomposition of lignin, relatively weak bonds break at lower temperatures 
whereas cleavage of stronger bonds in the aromatic rings takes place at higher temperature 
[102]. The final stage occurs at ̴ 600°C, and involves degradation of non-cellulosic substances 
like pectin. All lignocellulosic fibres follow the same decomposition process. However, the 
onset temperatures vary slightly depending on the chemical composition of the fibre. Other 
factors affecting the thermal degradation of plant fibres are the degrees of  crystallinity and 
polymerisation as well as fibrillar orientation [7]. 
  
Table 2-4. Thermal decomposition processes within natural bast fibres. 
Stage Temperature Process 
1 ̴ 90-150°C Moisture evaporation 
2  
̴ 160-350°C 
Decomposition onset of low molecular weight components such as 
hemicellulose and lignin 
3  
̴ 310-600°C 
Decomposition of cellulose 
Decomposition of non-cellulosic components (e.g. pectin) 
Continuing decomposition of hemicellulose and lignin 
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Of all the natural bast fibres, flax fibres possess the best thermal properties. Studies by 
Manfredi et al. [101], Dash et al. [94] and Wielage et al. [103] show that flax fibres start to 
decompose at higher temperatures than other bast fibres. The superior thermal properties are 
attributed to the lower amount of lignin within the fibres. However, Moriana et al. [68] 
contradict these findings and report that jute fibres degrade at slightly higher temperatures 
compared to flax and hemp.    
 
Bayley et al. [71] studied the effect of drying on the mechanical properties of flax fibres. A 
significant drop occurred to the tensile strength (44% reduction) of flax fibres after drying at 
105°C for 14 hours.  Van de Velde and Baetens [77] studied the effect of temperature on the 
tensile strength and stiffness of flax fibres with different stages of retting. The fibres were 
heated between 120-180°C for different times following which they were conditioned at room 
temperature before being tested. They reported a negligible loss to the tensile strength of flax 
fibres at temperatures up to 120°C, although there was a significant decrease (13 – 18%) to the 
elongation-to-failure. The fibres lost approximately 40% of their room temperature strength at 
180°C after 15 min thermal exposure. Similar results were obtained by Gassan and Bledzki 
[100], who studied the deterioration to the mechanical properties of flax and jute fibres at 
elevated temperatures. The results show that flax and jute fibres remain relatively unaffected 
until 170°C, above which there is a rapid drop in mechanical properties.    
 
2.4 BASALT FIBRES AND BASALT COMPOSITES 
2.4.1 Introduction to Basalt Fibres  
Basalt is an extrusive igneous rock which forms when molten lava solidifies on the Earth’s 
surface. It is the most common type of rock found in the Earth’s crust, with Russia having the 
largest deposit of  ̴ 197 million m3 [104]. Basalt rock contains a mixture of fine grained 
minerals, and the most common minerals are olivine (Mg,Fe)2SiO4, pyroxene 
(NaCa)(Mg,Fe,Al)(Al,Si)2O6, clinopyroxene (Na,Al,Ca,Mg,Fe)2SiO6 and plagioclase 
(Na,Ca)(Si,Al)4O8 [105]. A detailed list of all the oxides present in the rock are shown in Figure 
2-16. 
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Figure 2-16. Percentage distribution of all the chemical constituents present in basalt [21]. 
 
Basalt is a useful raw material for fibre forming because of its relatively homogeneous 
chemical structure, low cost, abundant supply and its ability to form fibres from the molten 
state. As basalt rocks around the world are found with different compositions, only rocks with 
SiO2 contents above 46% are suitable for fibre production [106]. The fibres are produced in a 
continuous process which is similar to the production of glass fibres, but with less energy 
consumed and no additives thereby making it cheaper [107]. Basalt rock is melted in a furnace 
at  ̴ 1450-1500°C. The molten material is then forced through platinum/rhodium crucible 
bushings to create continuous filaments [107] and gathered into a single strand of continuous 
fibre [108]. Before being packaged for sale, the fibres are quenched with a sizing agent. Basalt 
fibres can also be manufactured using the blowing melt and spinneret methods [107]. However, 
these methods are not often used because they produce low quality filaments [109]. 
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Figure 2-17. Manufacturing process of basalt fibres [110]. 
 
Basalt fibres are considered to be eco-friendly replacements to glass and carbon fibres when 
used in composite materials. Basalt fibres are more easily recycled compared for example, to 
glass fibres. The main problem with recycling glass fibres is that they melt during incineration, 
fusing to the inside of the incinerator chamber [111]. The result is a costly clean-up effort and 
significant downtime. Basalt fibres, on the other hand, have a melting point of  ̴ 1500°C. This 
means that after incineration, the only product left is reusable basalt fibres that are easily 
removed from the incinerator. A screening life cycle assessment performed on basalt and glass 
fibres by Flemish Institute of Technological Research (VITO) from Belgium reveals that glass 
fibres contribute to more than a dozen environmental impact categories than basalt fibres [112]. 
Other reasons why basalt fibres are considered to be eco-friendly products include [111]: 
 Raw materials used for production are natural rocks – basalt 
 Less energy intensive to manufacture and no industrial waste during production 
 Fibres are inert and non-toxic 
 Fibre diameters exceed six microns and does not enter the human respiratory system.  
As a result of its unique economic, environmental and mechanical properties, basalt fibres can 
be used instead of glass and carbon fibres and in some cases metal alloys in the automotive, 
aerospace, offshore oil and gas, and construction industries.  
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2.4.2 Mechanical Properties of Basalt Fibres and Composites 
Since its discovery in the early 50’s [107], there has been a significant amount of work done to 
characterise the mechanical properties of basalt fibre and its composites. The mechanical 
properties of basalt fibres are dependent on their chemical composition [107], although the 
properties are often equivalent, if not better, than E-glass fibres [108, 113-116]. Basalt fibres 
have high tensile strength and modulus, excellent heat resistance, low moisture uptake and 
good acoustic damping properties [106]. The mechanical properties of basalt fibres are 
compared to E-glass fibres in Table 2-5. 
 
Table 2-5. Comparison of the mechanical properties of E-glass and basalt fibres [107]. 
Property E-glass Fibre Basalt Fibre 
Density (g/cm3) 2.56 2.8 
Elastic Modulus (GPa) 76 89 
Tensile Strength (GPa) 1.4-2.5 2.8 
Elongation to Fracture (%) 1.8-3.2 3.15 
 
Several studies have characterised the mechanical properties of composites reinforced with 
basalt fibres using a thermoset [113, 117-122] or thermoplastic [115, 123-125] matrix. Lopresto 
et al. [114] studied the mechanical properties of epoxy laminates reinforced with plain woven 
basalt or E-glass fibres. The experimental results (shown in Figure 2-18) reveal that basalt fibre 
composites have higher Young’s modulus, compressive and bending strengths as well as 
impact resistance compared to E-glass composites. Short beam shear tests showed that the 
interfacial adhesion between the fibres and matrix was similar for basalt and E-glass 
composites. 
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                                      (a)                                                                          (b) 
 
(c) 
Figure 2-18. Mechanical properties of basalt and E-glass composites showing (a) Modulus (b) 
Ultimate strength and (c) Absorbed impact energy [114]. 
 
Dorigato and Pegoretti [119] characterised the tensile and fatigue properties of epoxy based 
composites reinforced with woven basalt, E-glass or carbon fibres with the same areal density 
(200 g/m2).  The tensile properties of the basalt fibre composite were higher than the laminate 
reinforced with glass fibres, with the tensile strength values close to that of the carbon fibre 
laminate.  The basalt fibre composite also showed superior fatigue strength compared to the 
glass fibre composite. Carmisciano et al. [118] compared the mechanical and electrical 
properties of basalt and E-glass fibre reinforced vinylester composites. The basalt fibre 
composite had higher flexural modulus and apparent interlaminar shear strength compared to 
the E-glass laminate, but lower flexural strength and similar electrical properties. De Rosa et 
al. [126] studied the post-impact behaviour of vinylester laminates reinforced with basalt or E-
glass fibres. The impact damage tolerance and post-impact residual properties were found to 
be similar for both composites. To determine the suitability of basalt fibre composites in 
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tribological applications, the two-body abrasive wear behaviour of basalt and glass fibre 
reinforced epoxy composites was investigated by Chairman et al. [127]. The basalt fibre 
composites exhibited better wear resistance and had a higher tensile, compressive and 
interlaminar shear strength compared to the glass composite. 
 
Basalt fibres also have excellent resistance to acidic and alkaline environments. Wei et al. [128, 
129] studied the effects of corrosion of basalt and glass fibres in acidic (HCl), alkaline (NaOH) 
and sea water conditions. Basalt fibres were extremely resistant to acid attack and retained a 
greater amount of their tensile strength compared to E-glass fibres. Formation of cracks and 
corrosion layers were observed for both basalt and E-glass fibres. However, the mass loss of 
basalt fibres was approximately three times lower than E-glass fibres, and hence the fibres had 
higher residual strength as shown in Figure 2-19. Exposure to alkaline conditions had a more 
detrimental effect on basalt fibres whereas the acid and alkali resistance of E-glass fibres were 
similar. Scheffler et al. [130] showed that corrosion in NaOH solution leads to dissolution of 
the outer layer of glass and basalt fibres which caused strength loss. The alkali resistance of 
basalt fibres can be improved by applying a zirconia coating [131]. 
 
(a) 
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(b) 
Figure 2-19. Strength loss in basalt and E-glass fibres after treatment in (a) HCl and (b) NaOH 
solutions of increasing treatment times [128]. 
 
A prolonged exposure to seawater showed little degradation to the mechanical properties of 
basalt or E-glass epoxy composites, thereby demonstrating excellent seawater durability. Shi 
at al. [132] investigated the freeze-thaw (FT) resistance of basalt, glass and carbon fibre 
reinforced polymers along with their hybridization. Continuous freeze-thaw results showed 
reduction to the tensile properties of the composites. However, the basalt fibre composites 
exhibited a superior FT cycle resistance because its coefficient of thermal expansion is much 
closer to the epoxy resin than glass or carbon, and this reduced the likelihood of interfacial 
cracking. 
 
Basalt fibres exhibit excellent thermal resistance and are being used in thermal insulation and 
fire proofing applications [21]. The fibres are non-combustible and melt at 1450-1500°C. 
Unstressed basalt fibres can easily withstand temperatures up to 1250°C for hours, without any 
observable physical damage [106]. However, little work has been performed on characterising 
the mechanical properties of basalt fibres and their composites while being exposed to high 
temperature environments. There is wide scatter reported on the high temperature mechanical 
properties of basalt fibres.  Militky  et al. [133] show that basalt fibres retain their strength up 
to 200°C. The strength loss was believed to be due to the onset of crystallization, however, this 
was not proven. Lu et al. [134] studied the mechanical properties of basalt and E-glass fibres 
as well as their composites at high temperature. The results showed that basalt fibre retained a 
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higher amount of its residual tensile strength compared to E-glass fibre at a given temperature. 
Similar results were also found for basalt fibre composites with an epoxy matrix system. Sim 
et al. [135] conducted a similar study and found that basalt fibre tows retain approximately 
90% of their room temperature strength at 600°C exposure for 2 hours. However, Varley et al. 
[136] reported a greater reduction to the residual tensile properties of basalt fibres compared to 
glass fibres following heat treatment at 450°C for two hours. Similar results were obtained by 
Jenkins et al. [137] where the residual tensile strength of heat treated basalt fibre was lower 
than that of E-glass fibre.   
 
Landucci et al. [138] fabricated composites using basalt fibres to study the suitability of these 
materials during accidental flame impingements. They determined the response of various 
kinds of materials by using parameters such as time and rupture sequence, temperature profile, 
and weight loss during exposure. Results showed that basalt composites demonstrated low wall 
temperatures with excellent residual strength.  Medvedyev and Tsybulya [139] demonstrated 
the effective use of basalt fibre composites in the area of hot gas filtration. They showed that 
incorporating basalt fibres in the fabrication of a bag house (an air pollution control device) not 
only increased its service life by 7-10 years but also enabled it to withstand temperatures up to 
800°C.  
 
2.5 CONCLUSION OF LITERATURE REVIEW 
There is a large body of published research on the mechanical characterisation of plant and 
basalt fibres and their respective polymer composites. Aspects such as environmental 
durability, mechanical properties, sound and vibration damping, flammability and impact 
properties are all well documented. The advances made have resulted in automobile and 
construction companies adopting plant fibres in many of their composite applications. 
However, very little is known about the degradation to the mechanical properties of these fibres 
and their composites when exposed to thermally demanding environments such as fire. The 
mechanisms controlling the reduction in failure strength of these fibres at high temperature are 
also poorly understood. 
    
No research has been conducted on the combined effects of mechanical loading and fire on the 
survivability of polymer composites reinforced with plant or basalt fibres. Various models used 
to predict the thermal and mechanical response of glass fibre composites in fire are able to 
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calculate with good accuracy the temperature distribution and failure times. However, the 
models have only been applied to glass fibre composites. The ability of these models to predict 
the fire-structural response of composites containing other fibres such as basalt, carbon and 
Kevlar still needs to be addressed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
41 
 
CHAPTER 3: FIRE-STRUCTURAL RESISTANCE OF 
BASALT FIBRE COMPOSITE UNDER TENSILE LOADING 
 
ABSTRACT 
In this chapter, the tensile properties and softening mechanisms of basalt fibres and their 
polymer composite in fire are determined, and compared against an equivalent laminate 
reinforced with E-glass fibres. The fire resistant properties of basalt fibre composite are 
determined experimentally using small-scale fire-structural tests involving combined tensile 
loading and one-sided heating at a constant radiant heat flux of 25 or 50 kW/m2. The thermal 
and mechanical responses of basalt fibre composites exposed to fire are also investigated 
analytically using thermo-mechanical modelling. 
 
When exposed to the same radiant heat flux, the basalt fibre composite heated up more rapidly 
and reached higher temperatures than the glass fibre laminate due to its higher thermal 
emissivity. The tensile structural survivability of the basalt fibre composite was inferior to the 
glass fibre laminate when exposed to the same radiant heat flux. Degradation to the tensile 
properties of both materials occurred by thermal softening and decomposition of the polymer 
matrix and weakening of the fibre reinforcement, which occur at similar rates. The inferior fire 
resistance of the basalt fibre composite is due mainly to higher emissivity, which causes it to 
become hotter than the glass fibre composite in fire. 
 
The research presented in this chapter has been published in: 
 
 Bhat T, Chevali V, Liu X, Feih S, Mouritz AP. (2015). Fire-structural resistance of basalt 
fibre composite. Composites Part A: Applied Science and Manufacturing; 71:107-115. 
 
 Feih S, Bhat T, Rahman Ab A, Chevali V.S, Liu X, Mouritz A. P. (2014). Fire performance 
of basalt fibre composites under tensile loading. Proceedings of the 16th European 
Conference on Composite Materials (ECCM 16). Seville. 
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3.1 INTRODUCTION 
Despite the high temperature applications of basalt fibre, the fire resistance of basalt reinforced 
polymer composites is not known. As identified from the literature review presented in chapter 
2, it is not known whether the higher stiffness and softening temperature of basalt fibre 
translates into superior fire resistance when used as the reinforcement to polymer composite 
materials. As described in the previous chapter, a large body of research has been published on 
the fire-structural resistance of E-glass reinforced composites under compressive and tensile 
loading [25, 47, 49, 50, 52, 59]. Similarly, the fire resistance of carbon fibre laminates has also 
been studied [26]. However, the structural response and failure of basalt fibre composites under 
combined loading and one-sided heating by fire has not been investigated.  
 
This study investigates the fire-structural resistance of a basalt fibre reinforced polymer 
composite. The fire resistant properties of a woven basalt fibre composite are experimentally 
determined using fire-structural tests involving combined tensile loading and one-sided 
unsteady-state heating representative of a possible fire scenario. The effects of the applied 
tensile stress and the radiant heat flux on the structural survivability of basalt fibre composite 
are assessed. In addition, the mechanisms controlling the tensile softening and failure of basalt 
fibre composite in fire are investigated by residual property testing of basalt fibre tows 
following exposure to high temperature. The fire-structural survivability of the basalt fibre 
composite with the same fibre volume content and polymer matrix is compared against an 
equivalent E-glass fibre composite to assess their relative performance. This comparison is 
performed because of the growing interest in replacing glass fibre composites with basalt fibre 
composites in certain structural applications which are at risk to fire [21, 104, 106, 107, 140]. 
 
3.2 MATERIALS & EXPERIMENTAL METHODS 
3.2.1 Composite Materials 
Basalt fibre composite was produced for high temperature and fire-structural testing using 
woven basalt fabric and vinyl ester resin. The basalt fabric was plain woven by the supplier 
(Zhejiang GBF Fiber Co. Ltd.) using 300 tex tows to an areal density of 350 g/m2 (Figure 3-
1a). The basalt fibres had an average diameter of 12.7 µm (standard deviation of 1.4 µm). The 
basalt fabric was stacked so the warp tows were aligned to create a cross-ply fibre pattern. 
Vinyl ester resin (SPV 1265 Nuplex Composites) was infused into the fabric at room 
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temperature using the vacuum bag resin infusion (VBRI) process. Following infusion, the vinyl 
ester matrix was gelled and partially cured under ambient conditions (23ºC, 50% RH) and then 
post-cured at 80ºC for two hours.  The fibre volume content of the basalt composite was 
determined to be 51% using the ASTM D-3171 burn-off technique.  The composite specimen 
of a known size (10 mm X 10 mm) and mass was heated inside a muffle furnace at 595°C for 
four hours. The temperature and heating time was sufficient to burn off the matrix and leave 
the reinforcement. The specimen was allowed to cool back to room temperature following 
which it was weighed again. The fibre volume content (Vr) was then determined using: 
𝑉𝑟 = (
𝑀𝑓
𝑀𝑖
⁄ ) ×100×
𝜌𝑐
𝜌𝑟⁄                                                                                             (3-1) 
Mf and Mi is the final and initial specimen mass. ρc and ρr are densities of the composite and 
reinforcement, respectively. 
 
The fire resistant properties of the basalt composite were compared against an equivalent glass 
fibre composite. The composite was reinforced with an 800g/m2 plain woven E-glass fabric 
(Figure 3-1b) with an average fibre diameter of 12.2 µm (standard deviation of 1.5 µm). The 
diameter of the basalt and E-glass fibres were similar (within 0.5 µm). The glass fibre 
composite was made with the same vinyl ester resin and using the same VBRI process and 
cured under the same conditions as the basalt fibre composite. The fibre stacking sequence of 
the glass fibre laminate was also cross-ply and the fibre volume content was 55%. The only 
significant difference between the basalt and glass fibre composites was the type of 
reinforcement.   
 
 
(a) 
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(b) 
Figure 3-1. Images of plain woven (a) basalt and (b) E-glass fabric used in this study. 
 
3.2.2 High Temperature Property Testing of Basalt Fibre Tows and Composites 
3.2.2.1 Mechanical Testing of Fibre Tows 
The tensile properties of basalt fibre tows were measured following exposure to high 
temperature to determine the fibre softening rate and strength loss. This information is used to 
understand the fire-structural resistance of the basalt composite under tensile loading. The tows 
(300 tex) used for testing were the same as those in the woven basalt fabric used to reinforce 
the polymer composite. The basalt tows were heated to temperatures between 150 and 650°C 
for different times up to two hours. The tows were then cooled to room temperature and their 
residual tensile fracture stress was measured at 20oC using the test procedure shown in Figure 
3-2. The tensile failure load was measured by loading a single basalt tow with a gauge section 
of 150 mm at an extension rate of 2 mm/min to failure using a 10 kN load capacity Instron 
machine (Model: 4501). The tensile strength value of the basalt tows was also measured in-situ 
at temperatures up to 650°C. A 10 mm middle section of the tow was heated to the test 
temperature using a hot air gun fitted with a variable temperature controller as shown in Figures 
3-2b and 3-2c. The temperature was measured using a K-type thermocouple in contact with the 
tow. The fibre tow was heated for a soak period of two minutes prior to tensile loading to ensure 
that all the fibres were at the test temperature. The temperature variation measured by the 
thermocouples was no more than ±5°C. A high speed camera was used to ensure that the failure 
of tows always occurred within the 10 mm heated section. Five tows of basalt and E-glass were 
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tested at 20oC following exposure to identical temperature and heating time conditions to 
determine the scatter in the failure load.  
 
 
(a) 
 
 
 
(b) 
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(c) 
Figure 3-2. Schematic of test to measure high temperature tensile properties of fibre tows. Image (c)  
is from Ref. [25]. 
 
Table 3-1 shows the failure load of basalt tows measured at 20oC following heating at 150°C, 
350°C and 450°C. Also given in the table is the failure loads of the basalt tows measured in-
situ at these temperatures. It can be seen from Table 3-1 that the basalt tow failure loads 
measured at high temperature and at 20oC following high temperature exposure are very similar 
(within about 5%). It appears that any weakening of the basalt tow that occurs at high 
temperature is ‘locked-in’ and does not change when cooled slowly to room temperature. For 
convenience, therefore, the tensile strength of the tows was measured at 20°C after thermal 
treatment rather than in-situ at high temperature.  
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Table 3-1. Comparison of the tensile failure load of the basalt tows measured at 20°C following 
elevated temperature exposure and measured in-situ at elevated temperature. The percentage values 
give the residual failure load relative to the original (room temperature) failure load. 
Temperature Following Heat 
Exposure 
During Heat 
Exposure 
20°C 
150oC 
350oC 
450oC 
85 N (100%) 
85 N (100%) 
78.2 N (92%) 
57.8 N (68%) 
85 N (100%) 
82.5 N (97%) 
79.1 N (93%) 
62.1 N (73%) 
 
For comparison, the tensile failure load of E-glass tows (280 tex) were measured for the same 
heat treatment and test conditions as the basalt tows. Feih et al. [49] have shown that any 
weakening of E-glass fibre at high temperature is also ‘locked-in’ when the fibres are cooled 
to room temperature. Therefore, similar to the basalt tows, the residual tensile properties of the 
E-glass tow were measured at 20oC following heat-treatment at different temperature and 
heating times.  
 
3.2.2.2 Mechanical Testing of Composites 
The tensile properties of the basalt and glass fibre composites were measured at temperatures 
between 20 and 300°C. The tensile tests were performed according to ASTM D3039 using 
composite coupons with a gauge length of 150 mm, width of 25 mm, and thickness of 4 mm. 
To achieve the same thickness, the basalt and glass fibre composites contained 18 and 7 plies 
of woven fabric layers, respectively. A larger number of basalt plies was needed because they 
were thinner than the glass plies. Despite this difference, the fibre volume contents of the two 
composites were virtually the same. The tensile tests were performed at a loading rate of 2 
mm/min inside a heated cartridge attached to a 100 kN MTS machine, as shown in Figure 3-3. 
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Figure 3-3. Elevated temperature tensile test using the heating cartridge attached to a 100 kN MTS 
machine. 
 
The basalt and glass fibre composites were loaded in the 0o (warp) tow direction at different 
temperatures to failure.  Three samples were tested at the different temperatures to determine 
the variability in the measured tensile properties. The ends of the tensile specimens were 
tabbed, and this region was clamped via pressure grips to the MTS machine. Failure always 
occurred within the gauge region of the samples, and never within the tabbed region.  
 
3.2.3 Fire-structural Testing of Composites 
Small-scale fire-structural tests were performed on the basalt and glass fibre composites to 
assess their fire resistance. This test is designed to replicate the condition of a tensile-loaded 
plate exposed to one-side constant radiant heat flux representative of a possible fire scenario. 
The test basically involves subjecting a rectangular composite sample to combined tensile 
loading and one-sided unsteady-state radiant heating, as shown schematically in Figure 3-4.  
 
The distance between the radiant heating source and the composite sample was set at 25 mm. 
The rectangular-shaped composite test samples were 600 mm long, 50 mm wide and 9 mm 
thick. The basalt and glass fibre composites contained 42 and 15 plies, respectively to achieve 
the same thickness of 9 mm. The fibre volume fraction of both materials was very similar 
(~0.53). 
Heating cartridge 
Composite coupon 
Extensometer 
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Load cell 
Sample 
Crosshead 
 
 
(a) 
 
(b) 
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(c) 
Figure 3-4. (a) Schematic of the fire-structural test (b) 250 kN MTS machine and (c) Side view of the 
fire-structural test setup with the sample and the heater on the left and right hand sides, respectively. 
 
The fire-structural test involved loading the composite sample along the 0o fibre (or warp) 
direction at a constant tensile stress between 20% and 80% of the failure stress at room 
temperature. The average failure stress was 460 MPa for the basalt fibre composite and 470 
MPa for the glass fibre composite at 20oC. While under constant tensile stress, a 100 mm long 
section of the composite sample was exposed to an incident radiant heat flux of 25 or 50 kW/m2. 
The rest of the composite was insulated to avoid heat damage. The heat flux was calibrated 
before testing using a Medtherm heat flux transducer (Model no. 32-10SB-10-197-21633). The 
sample was held under constant stress and one-sided radiant heating until failure, and the stress 
rupture time was used to define the fire-structural resistance. The temperatures at the heat 
exposed surface and back face of the sample were constantly monitored using K-type 
thermocouples.  Two samples were tested for each heat flux and tensile stress condition.  
 
3.3 FIRE-STRUCTURAL ANALYSIS OF BASALT AND GLASS FIBRE 
COMPOSITES 
In addition to fire-structural testing, thermal-mechanical modelling was used to compute the 
fire-structural resistance of the basalt fibre composite, and compare its performance against the 
25 mm 
51 
 
E-glass composite. The model basically consists of two analytical components: thermal 
analysis to compute the through-thickness temperatures of the composite and mechanical 
analysis to calculate the reduction in tensile strength caused by heating from the fire. A full 
description of the model for E-glass composites is provided by Feih et al. [49], and it is applied 
here for the first time to a basalt fibre composite.  
 
A model developed by Henderson et al. [22] was used to calculate the through-thickness 
temperatures of the basalt fibre composite when exposed to one-sided heating by fire.  This 
model has been described in chapter 2. The governing equation for calculating the temperature 
at any location in the through-thickness direction of the composite for increasing time is 
expressed as: 
t
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The three terms on the right hand side of equation (3-2) relate to the three key processes 
controlling the temperature of a composite material exposed to fire: heat conduction, resin 
decomposition and volatile convection, respectively. As mentioned in chapter 2, the first term 
considers heat conduction from the fire exposed surface through-the-thickness of the 
composite. The resin decomposition term accounts for the heat which is generated (exothermic) 
or absorbed (endothermic) by pyrolysis of organic materials within the composite.  The volatile 
convection term accounts for the cooling effect caused by hot decomposition gases when they 
diffuse from the decomposition zone in the composite to the fire exposed surface.  
 
In Equation 3-2, T, t and x are the temperature, time and distance below the fire-exposed 
surface, respectively. ρ is the instantaneous density of the composite material, which decreases 
when the matrix decomposes. Mg is the mass flux of volatiles. hc and hG are the enthalpies of 
the composite and evolved gas, respectively. Q is the endothermic decomposition energy of 
the polymer matrix.  Cp and k are the specific heat and thermal conductivity of the composite, 
which are determined using rule-of-mixtures:   
charcharvirginvirgin kfkfTk )(                                                                                                    (3-3) 
charPcharvirginPvirginp CfCfTC ,,)(                                                                                           (3-4) 
f is the volume fraction of the virgin or fully decomposed (charred) composite.  
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The polymer matrix is assumed to thermally decompose via a single-stage reaction process 
which can be defined by the Arrhenius rate equation: 
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The order of reaction, n, is assigned a value of unity in this study. The mass loss kinetic 
(Arrhenius) parameters (A, Q, n) for the vinyl ester resin used as the matrix phase to the basalt 
and glass fibre composites were determined using thermogravimetric analysis. 
 
The unheated surface of the composite is assumed to have the thermal boundary condition 
defined by:     
0




C
tx
x
x
T
k                                                                                                                   (3-6) 
where tc is the thickness of the composite. 
 
Once the through-thickness temperatures have been calculated for increasing increments of 
heating time using the thermal model (Eq. 3-2), it is then possible to compute the residual 
tensile strength of the composite based on these temperatures. The tensile strength of a hot, 
decomposing composite is determined by the through-thickness variations in the strengths of 
the matrix and fibres. The strength dependency of the matrix and fibres on the temperature 
must be determined experimentally under isothermal conditions.  
 
The matrix strength is related to the temperature using [14]: 
'*
)())(tanh(
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                                                    (3-7) 
σo is the original strength of the composite, which can be calculated using laminate theory or 
measured. σR is the strength of the composite when the polymer matrix has fully softened.  Tg 
is the glass transition temperature of the composite.   defines the breadth of the strength-
temperature curve, and this must be measured.  Rrc(T) accounts for softening caused by 
endothermic decomposition of the polymer matrix [49].  
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The reduction in the tensile strength of the basalt and glass fibres within a composite exposed 
to fire is assumed to be related to both the temperature (T) and heating time (t) according to the 
relationship [49]:   
   tTkTTt fff )(tanh)(, loss)0(                             (3-8) 
where σf(0) is the original fibre strength σloss(T) is the strength loss at elevated temperature which 
is calculated using: 
 
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
                         (3-9) 
T50% is the temperature at which the fibre loses 50% of the original strength. pf is an empirically 
derived curve fitting constant. 
kf(T) in Equation 3-8 defines the strength loss rate, which is determined using:  
Tk
fb ekTk
2
1)(   (3-10) 
where k1 and k2 are constants dependent on the fibre type.   
 
Equations 3-7 and 3-8 are used to calculate the effect of temperature on the residual strengths 
of the matrix and fibres at any location through-the-thickness of a composite exposed to fire. 
A modified rule-of-mixtures equation is used to determine the strength at any location through 
the composite based on the residual strengths of the matrix and fibre [49]:  
)()1(),()(),( )()()( TVtTVTtT jmfjfbfLTj    
with 1LT                                       (3-11)                                
LT is a parameter to account for the stress transfer efficiency between the fibres and matrix as 
the polymer softens with increasing temperature, and this must be measured. 
 
Once, the strength values at various through-thickness locations are computed using Equation 
3-11, the bulk tensile strength (σ) can be determined for increasing increments of heating time 
using the Simpson integration technique: 

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c
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1
                                                                                                                (3-12)                                                            
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where: 
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In Equation 3-13, m, defines an even number of points where the local strength values were 
calculated and was set at 50 in this study.  
 
When the residual tensile strength of the composite is reduced to the applied tensile stress, then 
the laminate is assumed to fail. In this paper, the time taken for the residual strength to drop 
below the applied tensile stress is taken to be the rupture time. 
 
3.4 RESULTS AND DISCUSSION 
3.4.1 Thermal Response of Basalt Composite to Fire 
The increase in temperature of the basalt and glass fibre composites when exposed to the heat 
fluxes of 25 or 50 kW/m2 are compared in Figures 3-5 and 3-6. The data points show 
temperatures measured using thermocouples attached to the hot (heat-exposed) and cold (back) 
surfaces of the composites. The internal temperature (mid-thickness) was measured by 
inserting a thermocouple inside a hole drilled into the laminate. The 1.5 mm diameter of the 
hole was the same as that of the thermocouple to avoid temperature deviations due to air 
currents. Multiple tests were performed on both composites, and the variability in the measured 
temperatures between tests was less than 20oC, as shown in Figure 3-7. 
 
Exposing the composites to the lower heat flux of 25 kW/m2 caused an unsteady-state rise in 
temperature until eventually near-thermal equilibrium was reached. Neither the basalt or glass 
fibre composites ignited when exposed to the heat flux of 25 kW/m2. At the higher heat flux of 
50 kW/m2, the heated surface temperature of the basalt fibre composite spiked due to ignition 
of the front face at around 675°C. At the same heat flux, however, the glass fibre laminate did 
not ignite, even after long-term exposure to the heater.  
 
 
55 
 
0 1000 2000 3000 4000
0
200
400
600
middle 
cold surface
hot surface
T
e
m
p
e
ra
tu
re
 (
°C
)
Heating Time (s)
basalt fibre composite
25 kW/m
2
 
(a) 
0 1000 2000 3000 4000
0
200
400
600
cold surface
middle
hot surface
T
e
m
p
e
ra
tu
re
 (
°C
)
Heating Time (s)
glass fibre composite
25 kW/m
2
 
(b) 
Figure 3-5. Temperature-time profiles at the hot surface, middle region and cold surface of the (a) 
basalt fibre composite and (b) glass fibre composite when exposed to the heat flux of 25 kW/m2. The 
dashed curves were experimentally measured and the solid curves were calculated. 
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(b) 
Figure 3-6. Temperature-time profiles measured at the hot surface, middle region and cold surface of 
the (a) basalt fibre composite and (b) glass fibre composite when exposed to the heat flux of 50 
kW/m2. The dashed curves were experimentally measured and the solid curves were calculated. 
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(a) 
 
(b) 
Figure 3-7. Two sets of experimentally measured temperature-time curves for the basalt – Vinyl ester 
composite at (a) 25 and (b) 50 kW/m2. 
 
The basalt fibre composite heated more rapidly and reached a higher temperature than the glass 
fibre composite. The maximum temperature reached by the basalt fibre composite when 
exposed to the heat fluxes of 25 and 50 kW/m2 was about 540°C and 700oC, respectively, 
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which are significantly higher than the respective temperatures of ~430°C and 640oC reached 
by the glass fibre composite. 
 
The basalt fibre composite became hotter because its emissivity ( ~ 0.92 at 20-75oC) is higher 
than the glass fibre composite ( ~ 0.65 at 20-75oC). The emissivity values were experimentally 
measured using a thermal infrared (IR) camera (FLIR ThermaCam PM 695), shown in Figure 
3-8. The composite laminate was placed on a hot plate and heated to 75°C. The surface 
temperature of the composite was constantly monitored using a K-type thermocouple. The 
temperature measured using the IR camera was then adjusted to match the temperature that 
was measured using the thermocouple by changing the emissivity setting. The emissivity of 
the composite was set to be the emissivity value (recorded by the IR camera) at which the 
temperatures measured by the camera and thermocouple matched. It is expected that the 
emissivity values will change with increasing temperature, although this was not measured due 
to difficulties in getting a direct line-of-sight between the IR camera and composite samples 
during fire-structural testing. 
 
Figure 3-8. Thermal infrared camera used to measure emissivity of composites. 
 
The higher emissivity caused the basalt fibre composite to reach a sufficiently high temperature 
and decomposition rate that it ignited and burnt at the heat flux of 50 kW/m2 as indicated in 
Figure 3-6a. Ignition occurs when the mass flux of flammable volatiles released by a 
decomposing material reaches a critical level. Ignition of the basalt fibre composite indicates 
this material decomposed faster and released more volatiles than the glass fibre laminate, and 
this was due to its higher temperature when exposed to 50 kW/m2.    
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Figures 3-5 and 3-6 show the middle and back-face temperatures of the basalt fibre composite 
also increased at a faster rate than the glass fibre laminate. The thermal conductivity (k) and 
specific heat capacity (Cp) values for basalt fibres (k = 0.031-0.038 W/m.K; Cp = 860 J/kg.K) 
and E-glass fibres (k = 0.034-0.040 W/m.K; Cp = 840 J/kg.K) are very similar. This reveals 
that the higher internal and back surface temperature of the basalt fibre composite is not due to 
faster heat transfer through this material. Instead, the faster heat-up rate within the basalt 
composite is attributed mostly to its higher temperature at the hot surface resulting from its 
higher emissivity. 
 
The solid curves in Figures 3-5 and 3-6 show the calculated temperature rise at the surfaces 
and middle of the composites. The temperatures were calculated using the thermal model 
described in Section 3.3, which was solved using the property data given in Table 3-2. The 
model takes no special account for char formation, which is believed to be beneficial in 
prolonging mechanical integrity. Nevertheless, this model has been used to accurately calculate 
the temperature in glass fibre laminates exposed to fire [10,11,14-20,22]. However, it has not 
been used to calculate the temperature of other types of fibre-polymer composites, including 
basalt fibre laminates. The curves in Figures 3-5 and 3-6 show that the calculated temperatures 
were in good agreement with the measured temperatures for the basalt fibre composite except 
for when the material ignited which resulted in significantly lower computed temperatures. 
This occurs because the thermal model does not accurately calculate the temperature of 
composites when they undergo flaming combustion. Agreement between the calculated and 
measured temperatures for the glass fibre laminate at both heat fluxes is good.  
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Table 3-2. Property data used to determine the fire-structural properties of the basalt and fibre glass 
composites. 
 
Property 
Basalt Fibre 
Composite 
Glass Fibre 
Composite 
Fibre Volume Fraction (Vf) 0.53 0.55 
Decomposition reaction constant, A  [1/s] 5.59 x 1013 5.59 x 1013 
Activation Energy, Q  [J/kg mol] 212705 212705 
Order of decomposition reaction, n 1 1 
Thermal conductivity [W/mK] (60-300°C) 0.41 0.43 
Remaining resin mass fraction [%] 3.0 3.0 
Resin strength at room temperature [MPa] 69.0 69.0 
Resin strength at 300°C [MPa] 1.4 1.4 
Load transfer factor at 20°C, LT 1.0 1.0 
Load transfer factor at 300°C, LT 0.72 0.8 
Fibre Bundle Strength, σf(0) [MPa] 1454 1530 
Fitted fibre bundle 50% strength loss temperature, T50%  [°C] 390 347 
Fitted empirical constant from fibre bundle data, pfb [°C-1] 1.62 x 10-2 5.83 x 10-3 
Fitted fibre bundle strength loss rate, k1 [s-1] 8.36 x 10-6 1.81 x 10-6 
Fitted fibre bundle strength reduction parameter, k2 [°C-1] 9.57 x 10-3 1.45x 10-2 
 
 
3.4.2 Mechanical Response of Basalt Composite to Fire 
One-sided radiant heating caused both the basalt and glass fibre composites to progressively 
deform and soften to the point where they failed under tensile loading. Figure 3-9 shows 
examples of the axial extension - heat exposure time response of the basalt and glass fibre 
composites over the course of the tensile fire-structural tests. Deformation extension curves are 
shown for the composites tested at high (80%) and low (20%) tensile stress levels while 
exposed to one-sided radiant heating at the heat fluxes of 25 and 50 kW/m2. Figure 3-9c 
presents a schematic curve showing the key processes causing the two composites to 
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progressively deform under combined tensile loading and one-sided heating. The curves are 
characterised by an initial quasi-linear increase in extension with heating time, and this was 
due to the combined effects of thermal expansion of the composite and thermal softening of 
the polymer matrix. The thermal expansion coefficient of basalt fibre (8 x 10-6 K-1) is greater 
than E-glass fibre (5.4 x 10-6 K-1) [106], and this together with the higher matrix softening rate 
(because of its faster heating rate) would account for the basalt fibre composite initially 
elongating more rapidly than the glass fibre laminate. The curves for both composites have an 
inflection point, beyond which the extension rises at an increasing rate with heating time. The 
inflection point corresponds to the onset of fibre/tow failures near the heated surface which 
causes the composites to become more compliant. The extension rate then rises rapidly due 
presumably to progressive failure of an increasing number of fibres/tows from the heated to 
cooler surfaces of the composites. Progressive failure occurs earlier and more rapidly with the 
basalt fibre composite, indicating its tensile structural survivability in fire is inferior to the glass 
fibre composite, particularly at the low lower applied stresses where the difference is very 
large. 
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(c) 
Figure 3-9. Effect of heating time on the axial extension of the basalt and glass fibre composites at the 
heat fluxes of (a) 25 and (b) 50 kW/m2. The applied tensile stress values are expressed as a 
percentage of their room temperature tensile failure stress. (c) Schematic showing the softening 
processes occurring during tensile extension of composites. 
 
Figure 3-10 shows the effect of applied tensile stress on the rupture times of the basalt and 
glass fibre composites when exposed to the heat fluxes of 25 and 50 kW/m2. The rupture time 
is the duration that the composite can withstand the applied tensile stress before failure when 
exposed to the heat flux. It should be noted that the applied stress was the engineering stress 
and not the true stress. Any changes in the resisting cross-sectional area have not been 
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measured. The data points show the experimentally measured failure times and, as expected, 
for both composites these increased when the applied stress and/or heat flux were reduced. The 
rupture times were much shorter for the basalt composite, which is indicative of inferior fire 
resistance under tensile loading. The scatter in the experimental data increased when the 
applied stress was reduced (< 300 MPa) since failure is dominated by the softening of the fibre 
reinforcement. 
 
The curves in Figure 3-10 were calculated using the thermal-mechanical model. The material 
property data used to solve the model is provided in Table 3-2. The model was developed 
specifically to predict the tensile softening of glass fibre laminates in fire [49]. However, the 
agreement between the model and the experimental data is not as good for the glass composite 
as it is for the basalt composite. The disagreement may be due to the failure of the model to 
accurately capture all of the softening rates of glass fibres. 
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(b) 
Figure 3-10. Effect of constant tensile stress on the rupture times of the basalt and glass fibre 
composites when exposed to heat fluxes of (a) 25 and (b) 50 kW/m2. The curves were calculated 
using the model. 
 
3.4.3 Softening Mechanisms of Basalt Composite in Fire 
Tensile rupture of the basalt and glass fibre composites in fire is due to several temperature 
dependent softening processes, which are given in Figure 3-11. In order of increasing 
temperature these are thermal softening of the polymer matrix due to the ‘glassy-to-rubbery’ 
transformation close to the glass transition temperature (Tg), heat-induced delamination and 
matrix cracking, decomposition of the polymer matrix, and weakening and failure of the fibre 
reinforcement.  
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Figure 3-11. Flowchart indicating the tensile softening processes of basalt and glass fibre composites 
with increasing temperature. 
 
The modelling revealed that softening of both the basalt and glass fibre composites under high 
tensile stress (300-350 MPa) and short rupture time (100 s) conditions was dominated by 
thermal softening of the polymer matrix above Tg, as indicated in Figure 3-10. At higher 
applied stresses, the heating time was not sufficient to cause any damage to the fibre 
reinforcement, as seen from the tow tests conducted at various temperatures and heating times 
(see Fig 3-14). However, the heating time was enough for the matrix to fully soften, which lead 
to a loss in stress transfer efficiency between the fibres, eventually causing the laminate to fail. 
The thermal softening behaviour of the basalt and glass composites due to the glass transition 
of the vinyl ester matrix is shown in Figure 3-12. The tensile strengths of the composites were 
determined under isothermal conditions between 20oC and 300oC, which is just below the 
decomposition temperature for the vinyl ester matrix [141]. Figure 3-12 shows the tensile 
strength and stiffness of both composites fell by 30-40% over a similar temperature range 
(between 80-150oC) due to glass transition softening of the vinyl ester matrix which reduces 
the stress transfer efficiency of the load-bearing fibres. Similarly, the tensile stiffness of both 
composites also reduced by approximately 50% at 300°C. DMTA measurements revealed that 
the glass transition temperature of the vinyl ester is 110oC, as defined by a 50% reduction to 
the storage modulus from the room temperature value [25]. The tensile strengths were reduced 
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by the loss in stress transfer efficiency between the load-bearing basalt or glass fibres and soft 
polymer matrix. The softening behaviour occurred over the same temperature range for both 
composites, although the basalt laminate experienced a greater loss in strength. This could 
account for the greater strength loss when the basalt fibre composite was subjected to high 
tensile stress while exposed to radiant heating.  
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Figure 3-12. Effect of temperature on (a) tensile strength and (b) tensile stiffness of the basalt and 
glass fibre composites. 
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Delamination and matrix cracks were observed in both the basalt and glass fibre composites 
when heated above ~150-200oC, with no significant difference in the amount of cracking 
between the two materials. Thermogravimetric analysis (TGA) was performed on the two 
composites and the neat vinyl ester used as the matrix phase to determine whether the fibre 
reinforcement affected the decomposition behaviour. TGA was performed on these materials 
in air at a heating rate of 10oC/min using a Perkin-Elmer TGA7 instrument. The TGA data 
shown in Figure 3-13 has been normalised to solely include the decomposition of the matrix. 
TGA performed on basalt and E-glass fibres revealed no thermal decomposition and hence any 
mass loss observed in the composites could be attributed to the thermal decomposition of the 
vinylester resin matrix. Figure 3-13 shows the TGA curves for the materials were similar, with 
decomposition of the vinyl ester matrix occurring between 350°C and 450oC, and oxidation of 
the residual carbonaceous char between ~450°C and 550oC.  The decomposition rates of the 
basalt and glass fibre composites were very similar, although the basalt material experienced a 
small mass loss (under a few percent) between ~150°C and 450oC which was less significant 
for the glass fibre composite. The greater mass loss for the basalt composite is not expected to 
significantly affect its fire-structural resistance. The similarity in the TGA results between the 
two composites and with the vinyl ester resin suggests that the basalt fibres did not accelerate 
significantly the matrix decomposition rate.  
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Figure 3-13. TGA mass loss - temperature curves for the basalt fibre composite, glass fibre composite 
and neat vinyl ester resin. 
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The modelling revealed that at relatively low tensile stresses (under 300-350 MPa) and 
consequently long failure times (above ~100 s) the failure of the basalt and glass fibre 
composites was due to both matrix softening and fibre weakening, with the loss in fibre strength 
being the dominant process controlling the rupture time. The effects of temperature and heating 
time on the residual tensile failure load of the basalt and glass tows used in the composites are 
compared in Figure 3-14. The failure load values were determined for continuous fibre tows of 
the basalt and glass following heating at different temperature and times, as described in section 
3.2.2.1. As mentioned, the failure loads measured at 20oC following heating are similar to those 
during in-situ heating (Table 3-1), and therefore the results in Figure 3-14 are indicative of the 
high temperature strengths of the basalt and glass tows used in the composites.  The values in 
Figure 3-14 are expressed as a percentage of the average tow failure load measured at 20oC, 
which were 85 N for the 300 tex basalt tows and 115 N for the 280 tex glass tows. It should be 
noted that this difference in tow strength is generally due to the sizing and related friction 
effects between fibres during testing rather than the single fibre strength, which is higher for 
basalt [1]. The failure load of both the basalt and glass tows began to decrease following heating 
above ~250oC, and fell rapidly with increasing temperature up to ~650oC beyond which both 
fibre types have little residual strength. The tow stiffness however remains unaffected 
following heat treatment, as seen in the load-extension curves shown in Figure 3-15. A detailed 
discussion on the strength loss and stiffness of heat treated basalt fibres is provided in chapter 
5.  
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(b) 
Figure 3-14. Effects of temperature and heating time on the percentage tensile failure loads of the (a) 
basalt tows and (b) glass tows. The values shown are the residual loads measured at 20oC following 
heating. 
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(b) 
Figure 3-15.  Load-extension curves for (a) basalt and (b) E-glass tows heat treated for 2 hours. 
 
 Figures 3-16 and 3-17 compare respectively the tensile softening rate and percentage strength 
retention of the basalt and glass tows with increasing temperature. The values shown are those 
determined from cooled tows following heat exposure. The tensile softening rate was 
approximated by assuming the failure load decreased at a linear rate with heating time before 
reaching the minimum failure load, and is defined as the percentage loss in strength per unit 
heating time. The results show there was no significant differences in the softening rate and 
strength loss between the basalt and glass tows.  
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Figure 3-16. Effect of increasing temperature of the softening rates of the basalt and glass tows. The 
softening rates were determined using the residual loads measured at 20oC following heating. 
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Figure 3-17. Effect of increasing temperature on the percentage residual strengths of the basalt and 
glass tows. The tow stress values were measured at 20oC following heating at the different 
temperatures. 
Based on this information, it is concluded that the inferior fire resistance of the basalt fibre 
composite was not because the tows softened and weakened at a faster rate than the glass fibre 
tows. Instead, the basalt fibre composite was inferior simply because it heated up more rapidly 
and reached higher temperatures due to the higher emissivity of the basalt. The higher 
temperatures accelerated the rates of matrix softening, matrix decomposition and fibre 
weakening which caused the basalt fibre composite to fail sooner than the glass fibre 
composite. 
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3.5 CONCLUSION 
There is growing interest in the use of basalt fibre as a heat and fire resistant material because 
of its low thermal conductivity, high oxidation resistance, and high softening and melting 
temperatures. Also, basalt fibre has higher Young’s modulus and tensile strength properties 
compared to E-glass fibre. However, the research presented in this chapter has proven for the 
first time that a basalt fibre composite has lower tensile fire resistance than an equivalent glass 
fibre laminate when exposed to the same heat flux representative of a possible fire scenario. 
High temperature tensile tests on basalt and E-glass fibre tows revealed that their softening 
rates at elevated temperatures are very similar. Basalt and glass fibre composites also softened 
and decomposed at similar rates at elevated temperature. However, when exposed to the same 
incident heat flux, the higher emissivity of basalt fibre composite caused it to heat faster and 
reach higher temperatures. This caused the basalt composite to undergo softening and 
decomposition of the polymer matrix and weakening of the fibres at a faster rate, resulting in 
inferior fire resistance compared to the glass fibre composite under tensile loading. The next 
chapter presents a study to determine whether basalt fibre composites also have inferior fire-
structural performance under compression loading.  
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CHAPTER 4: COMPRESSIVE SOFTENING AND FAILURE 
OF BASALT FIBRE COMPOSITES IN FIRE 
 
ABSTRACT 
The fire-structural behaviour of a basalt fibre reinforced polymer laminate under axial 
compressive loading is investigated experimentally and analytically in this chapter. The fire 
performance of this material is compared against an E-glass fibre composite with the same 
fibre content, ply orientation and polymer matrix. Fire-structural tests involving one-sided 
radiant heating and axial compressive loading reveal that the softening rate is faster and failure 
stress is lower for the basalt fibre laminate compared to the glass fibre composite. Furthermore, 
the fire reaction properties, such as the heat release rate and smoke density, are also higher for 
the basalt laminate. This is due to the thermal emissivity of basalt fibre laminate being higher 
which causes it to heat up at a faster rate and reach high temperatures when exposed to a thermal 
flux radiant by fire.   
 
The research presented in this chapter has been published in: 
 Bhat T, Chevali V.S, Feih S, Liu X, Mouritz A. P. Mechanical Properties of Basalt 
Reinforced Composites in Fire. (2014). Proceedings of the 9th Asian Australasian 
Conference on Composite Materials (ACCM-9), Suzhou. 
and submitted for publication in: 
 Bhat T, Modica P.D, Gibson A.G, Kandare E, Mouritz A.P. (2016) Compressive 
softening and failure of basalt fibre composite in fire. Composites Part B.  
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4.1 INTRODUCTION 
 In the previous chapter, the fire resistance of a basalt fibre laminate subjected to tensile loading 
was evaluated. Under tensile loading, the fire-structural resistance of composites is influenced 
heavily by the high temperature properties of the fibre reinforcement [25, 26, 49]. It was shown 
that basalt and E-glass fibre tows soften at very similar rates over similar temperatures. 
However, the basalt fibre laminate had inferior fire-structural resistance because it heated up 
more rapidly than the glass fibre composite when exposed to fire.  Apart from this single study, 
the fire-structural properties of basalt fibre composites have not been investigated, despite their 
current use in many applications where fire poses an ever-present risk. 
 
The impact of replacing E-glass fibres with basalt fibres on the fire resistance of polymer 
composites under compressive loading is evaluated in this chapter. Compression is important 
when considering the performance of structural columns, wall panel assemblies and other load-
bearing components when exposed to fire. The fire resistant properties of a basalt fibre laminate 
are experimentally and analytically characterised, and compared to an E-glass composite with 
the same fibre content, ply orientation and polymer matrix. The composites are compared using 
simulated fire-structural tests involving combined axial compression loading and one-sided 
heating at a constant thermal flux. The softening rate, deformation behaviour and compressive 
load-bearing performance of the basalt and glass fibre laminates are compared for two thermal 
flux conditions representative of low (radiant temperature of 470oC) and medium intensity 
(640oC) fires. In addition, the fire reaction properties of the laminates are compared, including 
heat release rate and smoke density, to further assess whether substituting E-glass with basalt 
fibres in composites poses an increased fire safety risk. 
 
4.2 MATERIALS AND EXPERIMENTAL METHODOLOGY 
4.2.1 Composite Materials 
The materials used in this study are the same as those mentioned in chapter 3 and detailed 
information has been provided in section 3.2.1. Table 4-1 gives the mechanical properties of 
the basalt and glass fibres and their respective composites. The compression tests on basalt and 
glass composites were conducted using a 50 kN Instron testing machine (model 5569) at a 
loading rate of 1 mm/min. To ensure the coupons failed under compression (and not buckling), 
a NASA short block compression rig was used, as shown in Figure 4-1. The short block 
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specimens were 55 mm long, 25 mm wide and 4 mm thick, with an unsupported gauge length 
of 25 mm. The samples were compressed in the warp fibre direction to failure. At least five 
samples were tested for each material. The compressive failure stress of the basalt fibre 
laminate was lower (198 MPa) than that of the E-glass composite (255 MPa). The lower 
strength may be due to several factors, including the higher crimp (waviness) in the woven 
basalt tows which lowers the compressive stress required to initiate failure via tow kinking. 
The compressive modulus was measured using a 10 mm gauge axial clip-on extensometer 
(Instron catalog no. 2630-101) attached to the specimen. The compressive modulus value of 
basalt and E-glass composites is given in table 4-1.  
 
 
Figure 4-1. NASA short block compression test setup. 
Table 4-1. Mechanical properties of the fibres and composites. 
Property Basalt Fibre 
Laminate 
Glass Fibre 
Laminate 
Average fibre modulus (GPa) 72 ± 4 76 ± 5 
Average fibre fracture stress (GPa) 2.38 ± 0.22 2.26 ± 0.14 
Tensile modulus (GPa) 23 ± 1.5 25 ± 2.3 
Tensile strength (MPa) 556 ± 8.7 535 ± 7.5 
Compressive modulus (GPa) 24.6 ± 1.7 25.7 ± 1.8 
Compressive strength (MPa) 198 ± 6.8 255 ± 13.9 
 
Extensometer 
Sample 
Clamps 
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4.2.2 Fire-structural Testing 
Fire-structural compression experiments were performed on the basalt and E-glass laminates 
using identical test conditions to compare their fire resistant properties. The test involved 
subjecting samples of the laminates to simultaneous axial compression loading and one-sided 
heating at a constant thermal flux, as shown schematically in Figure 4-2. The laminate samples 
were flat rectangular beams measuring 600 mm long, 50 mm wide and 9 mm thick. Testing 
involved compressing the laminate sample along its length (which was the warp (0o) fibre 
direction) to a constant stress between 20% and 80% of the Euler buckling stresses at room 
temperature, which was ̴ 21 MPa for both the basalt and fibre laminates. While under constant 
stress, a 100 mm long section of the laminate sample was exposed to a constant thermal flux 
of 25 or 50 kW/m2 radiated from a 5000 W circular heater (150 mm diameter). 
 
 
Figure 4-2. Schematic of the fire-structural compression test. 
 
 The heater was located 25 mm from the front surface of the laminate sample, and both were 
oriented in the vertical direction. Only the central region of the laminate region was exposed 
to the thermal flux (as indicated in Fig. 4-2), while the other regions were thermally insulated. 
The in-plane extension and contraction of the laminate samples was recorded continuously 
during testing from the cross-head displacement of the loading machine, which was a 250 kN 
MTS fitted with the smoke and fume extraction system. The out-of-plane deflections of the 
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samples were measured using a linear variable differential transformer (LVDT) attached to the 
back face. Testing was continued until the sample failed, which was defined by the inability of 
the laminate to carry the applied compressive load.  
 
4.2.3 Fire Reaction Testing  
The fire reaction properties of the basalt and glass fibre laminates were measured using a three-
cell cone calorimeter (Model no: 5023431 by Fire Testing Technology Ltd) operated in the 
vertical testing mode. The tests were conducted at Newcastle University by P.D. Modica. The 
properties measured were heat release rate, mass loss and smoke density. The laminate samples 
(100 mm long × 100 mm wide × 9 mm thick) were exposed to a constant incident thermal flux 
of 25 or 50 kW/m2 (without a spark ignitor) according to ISO 5660 [142]. The heat-exposed 
surface of the sample was positioned 25 mm from the cone heater, which was the same type 
used to radiate the thermal flux in the fire-structural test. The heating conditions used to measure 
the fire reaction properties using the cone calorimeter were identical to the conditions 
experienced by the laminates during the fire-structural test.   
 
 
Figure 4-3. Cone calorimeter used to measure fire reaction properties. 
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4.2.4 X-Ray Computed Tomography Analysis 
X-ray computed micro-tomography (X-ray m-CT) was performed on the 100 X 50 mm fire 
exposed section of the basalt fibre laminate using a General Electric (phoenix v|tome|x s) 
instrument, as shown in Figure 4-4. A 360° 3-D multi-scan was performed using a micro-tube 
operated at 100 kV and 200 µA with a voxel size of 48 µm. 1000 image projections were 
recorded per sample at 200 ms intervals to obtain high resolution images of the different failure 
types occurring within the composite.  
 
Figure 4-4. X-ray m-CT machine used for damage imaging. 
 
4.3 FIRE-STRUCTURAL MODELLING 
A thermo-mechanical model developed by Feih et al. [47] was used to analyse the temperature, 
decomposition, softening and compressive failure stress of the basalt and E-glass laminates 
exposed to at a constant thermal flux. The model involves a two-step approach: one-
dimensional thermal analysis to compute the through-thickness temperatures of the laminates 
with increasing exposure time to the thermal flux and mechanical analysis to calculate the 
reduction in compressive strength caused by thermal softening.  The thermal model used in this 
study is the same as that described in section 3.3. 
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4.3.1 Mechanical Model 
A model developed Feih et. al. [47] is used in this PhD project to calculate the compressive 
failure stress of the basalt and glass laminates when exposed to a thermal flux. The model 
assumes that the compressive strength in the through-thickness direction is dependent upon the 
temperature profile through the laminate, which is calculated using Eqn 3-2. The dependence 
of compressive failure stress on temperature for the basalt and E-glass laminates was 
determined experimentally using short block compression testing at elevated temperatures. As 
shown in Figure 4-5, the compressive properties of both laminates decreased with increasing 
temperature due to glass transition softening of the polymer matrix, and reached a minimum 
value above ~150°C.  
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(b) 
Figure 4-5. Effect of temperature on (a) compression failure stress and (b) compression modulus of 
the basalt and glass fibre laminates. The curves in figures (a) and (b) were calculated using Eqns. 4-1 
and 4-4 respectively. 
 
Gibson et. al [50] expressed the relationship between compressive failure stress and 
temperature for fibre-polymer laminates using the semi-empirical equation: 
𝜎𝑐(𝑇) = (
𝜎𝑐(𝑜)+𝜎𝑐(𝑅)
2
−
𝜎𝑐(𝑜)−𝜎𝑐(𝑅)
2
tanh(∅(𝑇 − 𝑇𝑘)))×𝑅𝑟𝑐(𝑇)
𝑛                                         (4-1)  
where ∅ is a material constant describing the temperature range over which the compressive 
strength is reduced by glass transition softening. σc(o) and σc(R) are the failure stresses of the 
laminate at room temperature and in the fully softened condition, respectively. Tk is the 
mechanical glass transition temperature, which is defined as the temperature at which the 
composite loses 50% of its room temperature compressive strength. σc(R), Tk and ∅ must be 
fitted to the elevated temperature compression test data of the laminate (as shown in Fig. 4-5a). 
The fitted values obtained from the elevated temperature tests are given in Table 4-2. Rrc(T) is 
a scaling function to account for mass loss due to decomposition of the polymer matrix and the 
exponent ‘n’ is an empirical value, which is set to 3 based on previous research [47]. The curves 
shown in Figure 4-5a were calculated using Equation 4-1. 
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The failure stress of the laminate exposed to the thermal flux is computed by determining the 
local strengths at a number of locations in the through-thickness direction (Eqn. 4-1), which is 
based on the local temperature (Equation 3-2). The local strength values are then integrated 
over the load-bearing area of the laminate using Simpson integration: 
 
𝜎𝑎𝑣 =
1
ℎ
∫ 𝜎 (𝑇𝑎𝑣(𝑥), 𝑡𝑒𝑓𝑓(𝑥)) 𝑑𝑥
+𝑥/2
−𝑥/2
 with:               (4-2)
  
∫ 𝜎 (𝑇(𝑥), 𝑡𝑒𝑓𝑓(𝑥)) 𝑑𝑥 =
𝑡
3𝑚
+𝑥/2
−𝑥/2
[𝜎(𝑇𝑎𝑣(𝑥0), 𝑡𝑐(𝑥0)) + 4𝜎(𝑇(𝑥1), 𝑡𝑐(𝑥1)) +
2𝜎(𝑇(𝑥2), 𝑡𝑐(𝑥2)) + ⋯ + 2𝜎(𝑇(𝑥𝑘−2), 𝑡𝑐(𝑥𝑘−2)) + 4𝜎(𝑇(𝑥𝑘−1), 𝑡𝑐(𝑥𝑘−1)) +
𝜎(𝑇(𝑥𝑘), 𝑡𝑐(𝑥𝑘))]   
         
 Where m defines the number of locations in the through-thickness direction where the local 
failure stress is calculated. Failure is assumed to occur when the failure stress of the laminate 
decreases to the applied compressive stress. 
 
The failure of basalt and glass composites due to buckling has also been theoretically calculated 
when exposed to a radiant heat flux. The theoretical buckling stress is determined using the 
Euler buckling equation with simply supported constraints: 
𝑃𝑏𝑢 =
𝜋2
𝐿2
𝐸𝐼                                                                                                                       (4-3) 
Where Pbu is the buckling load, L is the length and I is the moment of inertia. The length ‘L’ 
was set to 200 mm instead of 100 mm since heat is conducted along the length of the laminate 
despite being insulated. The effect of temperature on the local compressive modulus (through-
the-thickness) is calculated using the same ‘tanh’ equation as was used for the average strength 
model: 
𝐸𝑐(𝑇) = (
𝐸𝑐(𝑜)+𝐸𝑐(𝑅)
2
−
𝐸𝑐(𝑜)−𝐸𝑐(𝑅)
2
tanh(∅𝑏(𝑇 − 𝑇𝑘𝑏)))×𝑅𝑟𝑐(𝑇)
𝑛                                     (4-4) 
The empirical constants ɸb and Tkb are obtained from experimental data shown in Figure 4-2b 
and the values are presented in Table 4-2. The bulk modulus (E) of the laminate is obtained 
by integrating the local modulus values over the load-bearing area.
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Table 4-2. Fitted parameters used for the average strength and buckling models. 
Property Basalt Fibre 
Laminate 
Glass fibre 
Laminate 
In-Plane compressive modulus, E c(o) (GPa) 24.4 25.5 
In-plane residual compressive modulus, E c(R) (GPa) 9.5 9.5 
Fitted mechanical glass transition temperature Tkb (°C) 106.2 103.6 
Fitted value φb  0.03 0.031 
 In-Plane compressive strength, σc(o) (MPa) 196.2 255.4 
In-Plane residual compressive strength σc(R) (MPa)   8.24 8.55 
Fitted mechanical glass transition temperature, Tk (°C) 94.0 100.2 
Fitted Value φ 0.031 0.036 
 
     
 
4.4 RESULTS AND DISCUSSION 
4.4.1 Fire Reaction Properties  
Fire reaction properties such as heat release rate (HRR), peak heat release rate (PHRR) and 
smoke specific extinction area (SEA) are often used to evaluate the fire safety hazard of 
combustible materials [22]. The HRR is considered the most important fire reaction property, 
because it quantifies the amount of heat generated by the material which then adds to the fuel 
load of the fire [22, 143]. The effect of increasing exposure time to the low and high thermal 
flux on the heat release rate (HRR) of the laminates is shown in Figure 4-6. When exposed to 
the low thermal flux, the HRR value of the glass fibre laminate remained relatively low and 
constant. Little heat was generated because the maximum temperature reached by the laminate 
(~400oC) was just above the temperature at which the vinyl ester matrix starts to decompose 
(~350oC) (see Figure 3-12). In contrast, the HRR of the basalt fibre laminate increased steadily 
with time when exposed to the low thermal flux. Due to the higher emissivity of the basalt fibre 
laminate it heated up more rapidly and reached higher temperatures causing the matrix to 
decompose faster and to a greater extent. The outgassing of hot volatiles generated by the 
decomposition reaction process thereby increased the HRR of the basalt fibre laminate. The 
difference in the HRR properties of the laminates is more apparent at the higher thermal flux 
(Figure 4-6b), which shows that the basalt fibre laminate released heat sooner and to much 
higher values than the glass fibre composite. When exposed to 50 kW/m2, the HRR curves for 
the basalt fibre composite show two distinct peaks. The first peak represents the decomposition 
of the surface resin rich layer. As the heating continues, there is a drop in the HRR curve due 
to the formation and growth of surface char. With continued heat exposure, the surface char 
83 
 
layer oxidizes and exposes the virgin composite near the unexposed surface of the sample. This 
causes rapid decomposition of the last remaining amount of the resin matrix, thereby increasing 
the HRR. This behaviour was not observed for E-glass composites. Despite ignition after 400s, 
the heat released was not sufficient for the char to fully oxidize. It should be noted that the E-
glass composite did not ignite during the thermal response tests (Figure 3-6). This difference 
can be attributed to the changes in the ventilation and boundary conditions.  
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(b) 
Figure 4-6. Effect of increasing exposure time to the thermal flux of (a) 25 kW/m2 and (b) 50 kW/m2 on 
the heat release rate of the laminates. 
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The mass loss to the basalt fibre laminate when exposed to the thermal flux was also greater 
than the glass composite, as shown in Figure 4-7. The mass loss was caused by the 
decomposition of the polymer matrix generating volatiles (mostly low molecular 
hydrocarbons, CO, CO2) which diffused out the laminates. The basalt fibre laminate began to 
lose mass sooner and to a greater weight percentage, and this was again due to the faster heating 
rate and higher temperatures caused by the high emissivity. Due to the faster decomposition 
rate, the amount of smoke generated by the basalt fibre laminate was also higher, as shown in 
Figure 4-8.   
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(b) 
Figure 4-7. Effect of increasing exposure time to the thermal flux of (a) 25 kW/m2 and (b) 50 kW/m2 on 
the mass loss of the laminates. 
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Figure 4-8. Effect of increasing exposure time to the thermal flux of 50 kW/m2 on the smoke specific 
extinction area for the basalt and glass fibre laminates. 
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Table 4-3 compares the fire reaction properties of the laminates when exposed to the low and 
high thermal flux, and in many cases these are worse for the basalt fibre laminate.  
 
Table 4-3. Fire reaction properties of the composites. 
Property 25 kW/m2 50 kW/m2 
 Basalt Glass Basalt Glass 
Peak heat release rate (kW/m2) 18.2 4.2 247 176.5 
Average heat release rate (kW/m2) 6.3 2.6 156 96.9 
Total heat release (MJ/m2) 10.51 6.52 120.9 66.93 
 
 
4.4.2 Compressive Deformation and Failure of Laminates in Fire 
The deformation response of polymer laminate beams under simultaneous compression loading 
and one-sided exposure to a thermal flux is controlled by thermal forces and moments which 
induce axial and lateral deflections [51] as represented by the schematic shown in Figure 4-9. 
Examples are shown in Figure 4-10 for the axial (in-plane) extension and Figure 4-11 for the 
lateral (out-plane) deflections experienced by the basalt and glass fibre laminates when exposed 
to the thermal flux for increasing times up to failure. The curves show the effect of increasing 
exposure time to the high thermal flux (50 kW/m2) on the deformations of the laminates when 
loaded at low (20% of the room temperature buckling load) and high (80%) static compressive 
forces. During the initial heating period the laminates expanded despite being under a 
compressive force, and this was due to the thermal expansion effect.  The axial extension-time 
curves reached a peak value following which the laminates began to axially contract prior to 
failure. Concurrently, the laminates deflected laterally towards and then away from the heat 
source, and this was due to a thermal moment created by the steep through-thickness 
temperature gradient as reported in chapter 3. When exposed to a constant radiant heat flux, 
greater thermal expansion strain is developed at the heat exposed surface and therefore the 
laminate bends toward the heat source.  Once the heat-exposed surface exceeds the glass 
transition temperature then the matrix phase softens causing the laminate to deflect away from 
the heat source. The steep thermal gradient in the through-thickness direction of the laminate 
causes a non-uniform reduction in the compression stiffness; the elastic modulus near the 
heated surface (above Tg) is much lower than the cooler back surface (below Tg). This shifts 
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the neutral axis away from the centroid towards the back surface of the laminate, thereby 
causing the specimen to deflect away from the heat source.  The lateral deflections of the basalt 
laminate occurred more rapidly than the glass fibre composite due to a higher thermal moment. 
The moment was higher because the heating rate of the basalt fibre laminate was greater due 
to the higher emissivity which induced a steeper through-thickness thermal gradient, as 
explained in the previous chapter. 
 
 
Figure 4-9. Schematic showing deformation of a laminate due to one-sided radiant heating. 
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(b) 
Figure 4-10. In-plane extension of basalt and glass fibre laminates loaded to (a) 20% and (b) 80% of 
the room temperature Euler buckling force and exposed to 50 kW/m2. 
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(b) 
Figure 4-11. Out-of-plane deflection of basalt and glass fibre laminates loaded to (a) 20% and (b) 80% 
of the room temperature Euler buckling force and exposed to 50 kW/m2. 
 
The point at which the in-plane extension and out-of-plane deflection began to reverse is when 
the load-bearing tows in the basalt and glass fibre laminates started to collapse under the 
applied compressive force. Post-mortem examination (using X-ray CT) of the laminates after 
fire-structural testing revealed the load-bearing tows failed via plastic micro-buckling and 
kinking, as shown in Figure 4-12. The nature of compressive failure is determined by the 
applied stress and the temperature gradient through-the thickness of the laminate. Brittle type 
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kinking of the load bearing plies was observed for samples with short failure times and high 
applied load (>60% of room temperature Euler buckling stress) and/or high heat flux. The short 
failure times mean that the resin had not fully softened and as a result, did not allow for rotation 
of the plies. The laminate failed by kinking of the plies over a short length (Figure 4-12a). 
Plastic type micro-buckling was the dominant failure mode for samples with relatively longer 
failure times which occurred at lower applied stresses and/or heat flux (Figure 4-12b). The 
kinked plies rotate over a longer distance due to the lower shear stiffness of the fully softened 
resin matrix that enables the plies to rotate through a large angle. At longer exposure times, 
delamination cracking at the plies closest to the heat source occurs and only the plies behind 
the delamination zone experience plastic kinking (Figure 4-12b). The higher temperatures and 
faster softening rate accelerated the onset of plastic tow kinking in the basalt fibre laminate, 
thereby leading to significantly lower compressive failure times compared to the glass fibre 
composite.   
 
 
(a) 
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(b) 
Figure 4-12. Cross-sectional X-ray computed micro-tomography images showing tow kinking of a 
basalt fibre laminate exposed to 25 kW/m2 and loaded to (a) 80% and (b) 20% of the room 
temperature Euler buckling load. 
 
The effect of the applied compressive stress and heat flux on the failure times of the basalt and 
glass laminates is shown in Figure 4-13. Failure time is defined as the exposure time to the 
thermal flux needed to cause the laminate to collapse. As expected, the failure times for both 
laminates increased with decreasing applied stress and heat flux, although failure occurred 
sooner for the basalt composite which is indicative of inferior fire-structural resistance under 
compression. The basalt fibre laminate was structurally inferior due to its lower compression 
strength at elevated temperatures (Figure 4-5) and higher emissivity, which accelerated the 
heating rate and thereby caused it to more rapidly soften and fail. 
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(b) 
Figure 4-13. Effect of applied compressive stress on the failure times of the (a) basalt and (b) E-glass 
fibre laminates when exposed to the thermal flux of 25 kW/m2. 
93 
 
0 250 500 750 1000
0
5
10
15
20
25
A
p
p
lie
d
 C
o
m
p
re
s
s
iv
e
 S
tr
e
s
s
 (
M
P
a
)
Heating Time (s)
 Buckling Model
 Average Strength Model
 
(a) 
0 250 500 750 1000
0
5
10
15
20
25
A
p
p
lie
d
 C
o
m
p
re
s
s
iv
e
 S
tr
e
s
s
 (
M
P
a
)
Heating Time (s)
 Buckling Model
 Average Strength Model
 
(b) 
Figure 4-14. Effect of applied compressive stress on the failure times of the (a) basalt and (b) E-glass 
fibre laminates when exposed to the thermal flux of 50 kW/m2. 
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The solid curves in Figures 4-13 and 4-14 show the effect of the applied stress on the failure 
times of the two laminates calculated using the thermal-mechanical models. The models are 
defined using average strength (Eqn. 4-1) and Euler buckling (Eqn 4-3) analysis. The property 
data used to solve the models for the two laminates is provided in Table 4-2. Based on the two 
modelling approaches, the dominant failure mechanism of both the basalt and E-glass 
composites seem to be highly dependent upon the applied compressive stress. At higher applied 
stresses (> 60% room temperature Euler buckling load), failure occurs due to a combination of 
laminate buckling as well as kinking of tows. At lower applied stresses, failure is solely due to 
plastic kinking/micro-buckling of the load-bearing tows.  
 
The average strength and buckling models were developed to predict compressive failure of 
glass fibre laminates in fire, although the reasonable agreement between the calculated and 
measured failure times for the basalt composites shows it also works well with this material.  
 
4.5 CONCLUSIONS 
The research presented in this chapter has demonstrated that replacing E-glass with basalt fibres 
may compromise the fire-structural integrity of composites supporting compression loads. 
Basalt fibre laminates (without a surface coating) have a higher emissivity than glass fibre 
composites, causing them to heat-up much more rapidly and reach higher temperatures. This 
accelerates softening of the laminate and also leads to poorer fire reaction properties, including 
shorter ignition times, higher heat release rates, faster decomposition and denser smoke. The 
faster heating rate experienced by the basalt fibre laminate causes it to laterally deflect more 
rapidly and by a greater amount due to the greater thermal moments induced by the steeper 
through-thickness temperature gradient. The fire-structural integrity of both the basalt and glass 
fibre laminates decrease with increasing applied compressive stress and thermal flux. However, 
the structural integrity of the basalt laminate is inferior due to its higher emissivity causing the 
faster heating rate, which accelerates the glass transitioning softening and decomposition of the 
polymer matrix phase. Compressive failure occurs due to plastic kinking/micro-buckling of the 
load bearing tows in both the basalt and glass fibre laminates. Two modelling approaches 
(based on average strength and Euler buckling) can be used to approximate the compressive 
failure stress of flat laminate beams exposed to one-sided heating by fire.  
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CHAPTER 5: MECHANICAL PROPERTIES OF THERMALLY 
RECYCLED BASALT FIBRES AND BASALT FIBRE 
COMPOSITES 
 
ABSTRACT 
This chapter is an extension on the research into the high temperature mechanical properties of 
basalt fibres. The two previous chapters presented the characterisation of the fire-structural 
properties of basalt fibre composites under tension and compression. In this chapter, the 
implication of using basalt fibres for the thermal recycling by incineration of waste composites 
and their reuse in structural materials is examined. The reduction to the tensile fracture stress 
that occurs during the high temperature incineration of basalt fibres and the mechanism causing 
the loss in strength has been investigated using various experimental techniques. 
 
The fracture stress of single basalt fibres and tows are found to decrease rapidly with increasing 
recycling temperature when heated above ~250oC, and at temperatures typically used for 
incineration of waste composite materials (450-600oC) the fibre strength is reduced by more 
than 65%. No significant change to the fracture toughness or amorphous condition of basalt 
fibre occurs during thermal recycling. However, strength testing of single basalt fibres with 
sub-micron notches produced by focussed ion beam milling indicates the reduction in fracture 
stress is caused by thermally-activated surface flaw growth. Following thermal treatment, the 
recycled basalt fibres were used to produce polymer matrix laminates. The Young’s modulus 
of the basalt fibre laminates was not affected by the recycling process. However, the tensile 
fracture stress of laminates containing recycled basalt fibres was much lower than the pristine 
strength. The loss in fracture stress and the strength loss mechanism of basalt fibres during 
thermal recycling is similar to that experienced by E-glass fibres, but worse than for carbon 
fibres. 
 
The research presented in this chapter has been submitted for publication: 
Bhat T, Fortomaris D, Kandare E, Mouritz A.P. (2016). Mechanical properties of thermally 
recycled basalt fibres and basalt fibre composites. Composites Part A. 
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5.1 INTRODUCTION 
A problem with the use of thermoset matrix composites is the environmentally-friendly 
disposal of waste material created during manufacture (e.g. off-cuts) and waste at the end-of-
product life [144, 145]. There is growing pressure from governments and environmental 
agencies that waste composite material is not disposed via land-fill, but instead is recycled with 
the reclaimed fibres being reused in new products. Several techniques can be used to recycle 
waste composite materials and reclaim the fibres, and a common method is thermal 
incineration. This process basically involves incinerating the waste at high temperature 
(typically 450-600oC) to burn-off the polymer matrix and residual char, leaving behind the 
fibres which can be reclaimed for reuse. The thermal recycling of E-glass and carbon fibre 
composites has been extensively investigated [1, 2, 26, 146-149]. Feih et al. [1, 146] showed 
that E-glass fibres retain their room temperature strength up to 250°C, beyond which the 
fracture stress decreases with increasing temperature due to thermally-activated growth of 
surface flaws. Similarly, the fracture stress of carbon fibres is reduced during thermal recycling 
[147-149]. Despite the strength loss, both glass and carbon fibres reclaimed from thermal 
incineration can be re-used in polymer matrix composites. 
 
However, little is known about the effect of thermal recycling on the mechanical properties of 
basalt fibres. Also, the properties of composites containing reclaimed basalt fibres are not 
understood. Several studies have investigated the reduction to the fracture stress of basalt fibres 
at high temperature, but not due to recycling [133, 134, 136, 137]. Also, the cause for the 
reduction to the fracture stress of basalt fibres during thermal treatment is not known. It is 
unclear whether a single or multiple mechanisms cause the strength of basalt fibres to decrease 
at high temperature. It is also unknown whether reclaimed basalt fibres from thermal recycling 
can be used to reinforce polymer composites having high mechanical properties. With the 
growing use of basalt fibres, it is important to better understand the effect of thermal recycling 
on their mechanical properties and determine whether the reclaimed fibres can be re-used in 
structural composite materials. 
 
An investigation is presented in this chapter into the reduction to the tensile properties and the 
strength loss mechanism of basalt fibres caused by thermal recycling. The tensile properties of 
single basalt filaments and tows were determined following heat-treatment between 250-
650°C. The reduction to the fracture stress of basalt fibres is compared against E-glass and 
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carbon fibres, since basalt fibres are being used as a replacement. The mechanism controlling 
the loss in fracture stress of basalt fibres following recycling is investigated. In addition, the 
effect of using reclaimed basalt fibres following thermal recycling on the mechanical properties 
of polymer composites is assessed.  
 
5.2 COMPOSITE MATERIALS AND EXPERIMENTAL METHODS 
5.2.1 Single Fibre Testing 
The effects of temperature and heating time (up to two hours) on the residual tensile properties 
of basalt fibres and tows were investigated. The continuous basalt fibres (12.7 ± 1.4 µm 
diameter) used in this study were supplied by Zhejiang GBF Basalt Fibre Co. Ltd in the form 
of a plain woven fabric (350 g/m2) containing 300 tex tows. Individual fibres were carefully 
extracted from the fabric and then heat-treated in air to different temperatures inside a furnace. 
It is important to note that the basalt fibres were heat-treated under simulated recycling 
conditions in which the temperature and treatment time were similar to those used for 
incineration of waste composite. The fibres were not heated in the form of polymer matrix 
composites, but as individual filaments since the polymer matrix has no significant influence 
on the mechanical properties of fibres during recycling. 
 
After heat treatment the basalt fibres were cooled slowly to room temperature. Each filament 
was mounted on a thin cardboard support frame containing a 20 mm long rectangular window 
which defined the specimen gauge length, according to ASTM C1577-03. A schematic of the 
test is shown in Figure 5-1. The fibre diameter was measured before testing using an LS101 
Mitutoyo laser micrometer to within an accuracy of 3% (~0.5 m). The fibres were then axially 
loaded at an extension rate of 0.5 mm/min to failure using a 2.5 N Instron machine. A minimum 
of 30 fibres were tested for each temperature and heating time.  
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Figure 5-1. Schematic of single fibre tensile test. 
 
Weibull strength properties for the single fibres were calculated based on the two-parameter 
Weibull strength distribution: 

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                                                                                                                                 (5-1)
 
Pf is the failure probability. σ0 and m are the Weibull strength and modulus parameters, 
respectively, and these values were calculated using the maximum likelihood method with 90% 
confidence as described in ASTM C1239-13.  
 
Single filament tests were also performed on the as-received (original) and heat-treated basalt 
fibres containing a single sub-micron surface notch created using focussed ion beam (FIB) 
milling. The heat-treated fibres were exposed to 350°C for two hours before FIB was performed 
at room temperature. An FEI Scios DualBeam instrument (shown in Figure 5-2) was used to 
mill a notch with a near straight edge profile into the fibre surface using Ga+ ion beam 
sputtering. The fibre axis was tilted at an angle of 52° with a working distance of 7 mm from 
the ion beam source. The ion beam was generated at a voltage of 30 kV and current of 30 pA 
to mill a notch to a controlled depth between 50 and 250 nm into the fibre. An example of a 
notch milled into a basalt fibre is shown in Figure 5-3. 
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Figure 5-2. FEI Scios DualBeam instrument used for FIB milling. 
 
 
Figure 5-3. Scanning electron micrograph showing a basalt fibre containing an FIB milled notch of 
~250 nm depth. 
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 Following milling, the fracture stress and fracture toughness of the notched fibres was 
determined using the single filament test method as described above. The tensile test was 
performed using fibres with a shorter gauge length (5 mm), which was needed to avoid static 
charging during the FIB milling process.  
 
5.2.2 Single Tow Testing 
The tensile modulus and fracture stress of the basalt fibre tows (300 tex) were measured in the 
original condition and following exposure to high temperatures up to 650oC for different 
exposure times up to two hours. The tensile failure load was measured by loading a basalt tow 
with a gauge section of 150 mm at an extension rate of 2 mm/min to failure using a 10 kN load 
capacity Instron machine (Model: 4501). The tensile properties were measured at temperature 
following heat-treatment. As shown in chapter 3 (Table 3-1), any weakening of the basalt tow 
that occurs at high temperature is ‘locked-in’ and does not change when cooled slowly to room 
temperature. 
 
5.2.3 Manufacture and Testing of Composites 
The tensile and compressive properties of polymer composite materials containing basalt fabric 
in the original or heat-treated conditions were determined. The heat-treated fabric represents 
reclaimed fibres following thermal recycling, and was heated at temperatures between 150°C 
and 550°C in air for two hours. Following heat treatment, the basalt fabric was stacked in a 
cross-ply sequence and then infused with vinyl ester resin (SPV1265 from Nuplex Composites) 
using the vacuum bag resin infusion process. After infusion, the composite was gelled and pre-
cured at 20°C for at least one day and then post-cured of 80°C for two hours. The basalt fibre 
volume content of the laminates was 51±2%.  
 
Tensile test specimens were machined from flat panels of the laminates into dog-bone shape 
coupons measuring 57 mm long, 13 mm wide and 4 mm thick. The compression specimens 
were NASA short-block test coupons measuring 50 mm, 25 mm wide and 4 mm thick, with an 
unsupported gauge length of 25 mm.  Both the tension and compression coupons were loaded 
in the 0° (warp) fibre direction at a cross-head displacement rate of 1 mm/min using a 50 kN 
Instron machine (Model 5569) to measure the Young’s modulus and failure stress.  At least 
five samples were tested for each condition.  
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5.3 RESULTS AND DISCUSSION 
5.3.1 Effect of heat treatment on the tensile properties of basalt fibre 
The Weibull fracture stress distribution was measured for single basalt fibres in the original 
condition and after heat treatment at temperatures up to 450oC. Plots of the natural logs of 
fracture stress against probability of failure for different treatment temperatures are shown in 
Figure 5-4. It is important to note that basalt fibres were also heated at higher temperatures 
between 450oC and 650oC, and which is the typical temperature range used for the incineration 
of waste composite materials. However, it was not possible to measure the fracture stress 
distribution because the fibres were so weak they broke during handling, despite extreme care. 
Therefore, the Weibull plots shown are for temperatures below those typically used for thermal 
recycling. The plots show that the range of fracture stress values for the basalt fibres started to 
decrease when the temperature exceeded ~250oC, and the stress values fell rapidly with 
increasing temperature. The plots also show a quasi-linear trend between the natural logs of 
fracture stress against probability of failure for the different treatment temperatures. This is 
indicative of a single mechanism controlling the fibre fracture stress, irrespective of 
temperature.  
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Figure 5-4. Weibull fracture stress distribution for single basalt fibre in the original condition (i.e. 23°C) 
and following exposure to different temperatures. The fibres were heat-treated at the temperature for 
two hours before the fracture stress was measured at room temperature. 
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The effects of temperature and heating time on the fracture stress of the single basalt fibres and 
basalt tows are shown in Figure 5-5. The fracture stress of the fibres and tows decreased with 
increasing time before reaching a minimum steady-state value. The bundle strength was 
significantly lower than that of a single fibre at a given temperature and heating time. The 
greater strength loss can be attributed to the friction effects between the fibres, uneven straining 
of fibres under tension, and the longer specimen gauge length. The time taken to reach the 
steady-state fracture stress value decreased rapidly with increasing temperature. Table 5-1 
gives the modulus values for basalt fibres and tows in the original condition (i.e. 23oC) and 
following exposure to the different treatment temperatures for two hours, and it was not 
changed significantly. This reveals that while the fracture stress can be reduced significantly, 
the stiffness of basalt remains unaffected over the range of temperatures studied. 
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(b) 
Figure 5-5. Effects of temperature and heating time on the (a) fracture stress of single basalt fibre and 
(b) fracture load of single basalt tow. 
 
Table 5-1. Effect of temperature on tow stiffness and single fibre modulus. The error is defined by the 
standard deviation. 
Temperature 
(°C) 
Single Fibre Modulus 
(GPa) 
Tow Stiffness 
(N/mm) 
23 72.3 ± 4.1 10.2 ± 0.7 
150 73.4 ± 3.7 10.9 ± 0.5 
250 70.9 ± 4.2 9.7 ± 1.1 
350 71.4 ± 3.9 9.5 ± 1.1 
450 72.1 ± 2.6 10.1 ± 1.2 
 
The effect of increasing temperature on the fracture stress of basalt fibres is shown in Figure 
5-6, and compared to single E-glass fibres [146] and carbon fibres [26]. This comparison is 
performed to determine whether the loss in tensile strength of basalt fibres is more severe than 
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for glass and carbon fibres. In all cases the fibres were heated in air for two hours, and then the 
residual fracture stress was measured at room temperature. 
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Figure 5-6. Effect of temperature on the fracture stress of single basalt, E-glass and T700 carbon 
fibres. The data for the glass and carbon fibres is from Feih et al. [146] &  [26], respectively. The error 
bars represent the 90% confidence bounds based on the maximum likelihood estimator. Lines 
represent best fit through the data points. 
 
 The basalt and glass fibres show a similar dependence on temperature in that their fracture 
stress decreased rapidly between ~250°C and 550oC. However, the fracture stress of the basalt 
fibres was lower than for glass when heated above ~350oC. Feih et al. [146] reported that the 
reduction to the fracture stress of glass fibres is due to thermally-activated growth of surface 
flaws. In contrast, the fracture stress of carbon fibres remained unchanged until the temperature 
exceeded ~400oC, and then dropped rapidly up to 600oC. The reduction in the strength of 
carbon fibres is due to surface oxidation (which causes thinning of the filament) and the growth 
of surface flaws [26]. The results in Figure 5-6 reveal that over the temperatures typically used 
to incinerate waste composites (~450-650oC), the fracture stress of basalt fibres is reduced more 
(by ~65% at 450oC up to nearly 100% by 650oC) than both E-glass fibres (from ~50 up to 
~75%) and carbon fibres (from ~10% to 40%).  
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5.3.2 Fracture stress loss mechanism for basalt fibres 
The mechanism responsible for the reduction to the fracture stress was investigated in several 
ways, including examination using X-ray diffraction (XRD) analysis to detect changes to the 
amorphous state; thermogravimetric analysis (TGA) to detect evidence of thermal 
decomposition; scanning electron microscopy to identify changes in the fracture mode, and 
focussed ion beam milling to measure changes to the fracture toughness.  
 
Basalt fibres are rapidly cooled after being extruded in their production, resulting in an 
amorphous state at room temperature [150]. XRD analysis of the basalt fibres after heating to 
temperatures below 800oC revealed no change to the amorphous state. XRD was performed 
using a Bruker (AXS D8 Advance) – wide angle X-ray diffraction instrument operated between 
2θ = 10-70° at a rotation rate of 1°/min, and no diffraction peaks indicative of crystalline 
material within the fibre were detected up to 800°C, as seen in Figure 5-7. It is only when the 
temperature reaches ̴ 800°C do the X-ray diffraction peaks occur which is indicative if 
crystallinity. Other XRD studies conducted on basalt reveal that the onset of crystallisation 
does not occur until the temperature exceeds ~800-850°C [150-152], which is well above that 
used for thermal incineration of waste composite materials. Hence, crystallisation was not a 
factor contributing to the reduction to the fracture stress of basalt fibres. 
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Figure 5-7. X-ray diffraction plots for basalt fibres at room temperature and following heat treatment at 
600°C and 800°C for 2 hrs. (▪) represents pyroxene peaks. 
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TGA was performed on the basalt fibres in air at a heating rate of 10°C/min using a TGA Pyris 
1 instrument. It revealed no significant mass loss up to 600°C as shown in Figure 5-8, other 
than the small loss (1.5%) due to decomposition and vaporisation of the organic sizing agent. 
Therefore, the basalt fibre showed no evidence of thermal decomposition that may reduce the 
fracture stress.  
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Figure 5-8. TGA mass loss-temperature curve for a basalt fibre. 
 
The fractured ends of the basalt fibres were examined using scanning electron microscopy, and 
Figure 5-9 shows typical surfaces before and after heating together with a schematic of the 
surface markings. The morphology of the fracture surfaces was typical for a brittle fibre, and 
consisted of three distinct zones: mirror, mist and hackle. These zones are related to the source, 
rate of crack growth, and rupture stress respectively [153, 154]. Examination of fibres before 
and after heating at the different temperatures revealed that failure always initiated at the 
surface. The crack initiation point is indicated by the arrow in Figure 5-9. When a crack initially 
grows from a pre-existing surface flaw, a smooth region known as the ‘mirror zone’ is created. 
Stable crack growth occurred through the mirror zone, which increased in size with the 
temperature. The crack radiated outwards from a pre-existing surface flaw by accelerating 
almost instantaneously to the terminal velocity [154]. The mirror zone was bounded by a semi-
smooth region called the ‘mist zone’, and this marks the onset of dynamic instability of the 
planar crack. This region is bounded by a ‘hackle zone’ where crack propagation is unstable 
leading to complete fracture of the fibre [1]. While the original flaws cannot be seen in the 
fibres before or following heat treatment due to their small size, it was possible to locate the 
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fracture initiation point from the uneven ridges in the hackle region converging to the fracture 
origin. Fracture initiation always occurred from a surface flaw, and this not changed by heat 
treatment. 
 
 
 
 
 
 
 
 
 
(a) 
 
(b) 
 
 
(c) 
Figure 5-9. (a) Schematic of fracture pattern, (b) basalt fibre in original condition and (c) basalt fibre 
following exposure to 350°C for two hours. The arrow indicates the location of the pre-existing crack. 
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The only significant difference between the fracture surface of basalt fibres in the original 
condition and following heat-treatment was the size of the mirror zone. The mirror size 
increased with the temperature (above ~250oC), and this correlated with the measured 
reduction to the fracture stress. The fracture stress (σ) of a brittle cylindrical fibre is inversely 
related to the mirror size (dm) via [155]: 
  2/1 mm dA                                                                                                (5-2)  
where Am is an empirical mirror constant which depends on the fibre type, and is related to the 
fracture toughness. Figure 5-10 shows a plot of 𝑑𝑚
−1/2
 against σ for basalt fibre in the original 
condition and after heating at 400°C for two hours. The data points fall on the same linear 
curve, giving a value for Am of 2.46 MPa √m. The same value for Am before and following 
heating suggests that high temperatures do not affect this property. The average value measured 
for the basalt fibre is in good agreement with published values for basalt fibres and other silicate 
glasses, which are in the range 2.1-2.4 MPa √m  [156].   
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Figure 5-10. Relationship between mirror depth and fracture stress for original and heat-treated basalt 
fibres (400°C for two hours). 
 
Fracture of the basalt fibres always initiated at the surface (as indicated in Fig. 5-9), irrespective 
of heating temperature and time, mostly probably from a pre-existing flaw. To determine 
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further whether surface flaws are solely responsible for the reduction to fracture stress, artificial 
edge notches were machined using FIB into basalt fibres before and after heat-treatment (350oC 
for two hours) (Figure 5-2). The notch depths were between ~50 nm and 250 nm. A plot of 
notch depth against fracture stress is shown in Figure 5-11 for the basalt fibre. The results show 
no significant difference between the notched fibres in the original or heat-treated conditions, 
providing evidence that the reduction in fracture stress caused by high temperatures is due to 
the growth of surface cracks. 
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Figure 5-11. Effect of FIB notch depth on fracture stress for basalt fibre in the original condition and 
following heating (350°C for two hours). 
 
Using the data in Figure 5-11, it is possible to calculate the plane strain fracture toughness (KIc) 
of basalt fibre before and after heating using the equation: 
 
  2/1
,


c
DcY
K nIc


                                                                                     (5-3) 
where σn is the fracture stress of the notched fibre and c is the original depth of the notch created 
by FIB milling. The geometry factor (Y) was set to 1.12 since the FIB milling process produced 
a single-edge flaw as shown in Figure 5-12. 
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Figure 5-12. SEM image showing the fracture surface of a FIB milled basalt fibre with a single-edge 
flaw. 
 
 Equation 5-3 is only valid when the notch size is much smaller than the diameter (D) of the 
fibre, which is the case for the basalt fibre studied here. Figure 5-13 shows the plot of σnY(c,D) 
against (πc)-1/2 for the notched fibres. Similar to that found for the mirror constant (Fig. 5-10), 
all data points for the fibre in the original and heat-treated conditions fall on a common curve 
with the line-of-best fit giving an average fracture toughness value of 0.96 MPa√m. The same 
fracture toughness for the original and heat-treated fibres reveals that the reduction in fracture 
stress is not due to embrittlement of the fibres.  
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Figure 5-13. Strength–flaw relationship for original and heat-treated (350°C for two hours) basalt 
fibres containing an artificial notch created by FIB milling. 
111 
 
Using Equation 5-3 and the fracture stress data presented in Figure 5-11, it is possible to 
calculate the growth of surface flaws in the basalt fibres caused by thermal treatment. Figure 
5-14 shows the effects of temperature and heating time on the surface crack sizes assuming a 
flat-sized (Y = 1.12) or half-penny (Y = 0.73) geometry. The average flaw size in the original 
fibres is calculated to be 45 nm (flat) or 100 nm (half-penny), and this value only needs to 
increase slightly due to the low toughness of basalt to account for the large reductions in 
fracture stress. That is, the initial flaw size only needs to grow 300-750 nm (depending on 
shape) to account for the measured reductions in fracture stress. 
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(b) 
Figure 5-14. Calculated effect of temperature and heating time on the critical surface flaw size 
assuming (a) flat and (b) half-penny spaced surface crack in the basalt fibre. 
 
 It is speculated that flaw growth occurs at high temperature due to a stress corrosion effect to 
the silicates within basalt, and is also a well-known effect with other silicate materials such as 
glass. During the manufacture of basalt fibres, the molecular bonds become highly strained due 
the high drawing speed and rapid quenching process [157]. Water molecules within the air are 
believed to attack the strained silicate or oxide bonds at the crack tip causing them to rupture, 
which in turn leads to stable crack extension. The rate of this reaction process increases rapidly 
with temperature, causing larger cracks to develop with a corresponding reduction in the 
fracture stress. The reaction is also time dependent, causing the fracture stress to decrease with 
time at a constant temperature. It is this effect which would account for the large losses in 
fracture stress of basalt fibre during thermal treatment, but without changing the Young’s 
modulus, mirror constant or fracture toughness. 
 
5.3.3 Mechanical properties of recycled basalt fibre composites 
The effect of using thermally recycled basalt fibres on the tensile and compressive properties 
of polymer composites is shown in Figure 5-15. The Young’s modulus of the composite 
containing original fibres (i.e. 23oC) was the same value as the composites containing fibres 
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which had been exposed to temperatures up to 550oC. As seen in Figure 5-16, the slope of the 
stress – strain curve for composites under tension and compression remains relatively constant 
regardless of the treatment temperature. The excellent retention of stiffness is due to the 
Young’s modulus of the basalt fibres not being changed by heating (Table 5-1). The tensile 
fracture stress of the basalt composite remained unchanged with increasing temperature up to 
~250°C, beyond which the strength fell rapidly. Figure 5-15c compares the percentage 
retention in tensile fracture stress of the composite against the single fibres following exposure 
to different temperatures. The losses in fibre strength caused by heat-treatment are not 
recovered when recycled fibres are used in composite materials. The percentage loss in strength 
for the composite and single fibre was approximately the same up to 350°C. Above this 
temperature the strength loss experienced by the composite exceeded that of the fibre, and this 
is attributed to thermal decomposition of the organic sizing agent (as revealed by TGA) which 
results in poor fibre-matrix bonding and consequently reduced stress transfer efficiency 
between load-bearing fibres. The compressive strength of the composite was not affected by 
using recycled fibres until above ~350°C, when it decreased with increasing temperature. This 
loss in compressive strength is also attributed to thermal decomposition of the fibre sizing 
agent.  
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(c) 
Figure 5-15. Effect of temperature on the tensile and compression (a) modulus and (b) fracture stress 
of the composites. (c) Comparison of the effect of temperature on the normalised tensile fracture 
stress for single fibres and composites. 
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(a) 
 
 
(b) 
Figure 5-16. Stress-strain curves for recycled basalt composites under (a) tensile and (b) compressive 
loading. 
Based on this research, it appears that using thermally recycled basalt fibres in composite 
material does not adversely affect the stiffness, however it reduces substantially the tensile 
strength due to decomposition of the sizing agent and, in particular, weakening of the fibres 
caused by thermally-activated growth of surface flaws. 
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5.4 CONCLUSIONS 
As many governments impose strict limits on the disposal of waste composite material by land-
fill, recycling is becoming more common. This chapter investigated the effects of thermal 
recycling on the mechanical properties of basalt fibres. When fibres are exposed to 
temperatures and heating times similar to that experienced during thermal recycling of polymer 
composites, they begin to loss strength above ~250oC. Over the temperature range typically 
used to incinerate waste composites (450-600oC) the strength loss of fibres exceeds 65%. 
However, the Young’s modulus of the fibre is not affected by heat-treatment up to the 
maximum temperature used in this study. Basalt fibres loss more strength than E-glass or 
carbon fibres over the temperature range used for thermal recycling. The research presented in 
this chapter has proven for the first time that the reduction in fracture stress is not due to 
decomposition, change in amorphous state, or reduction to the fracture toughness of the basalt. 
Instead, the loss in fibre strength is due to thermally-activated growth of surface flaws. Only a 
small amount of flaw growth is required (typically up to 300-750 nm depending on the crack 
shape) to cause the large measured reductions to the fracture stress.  
 
Using reclaimed basalt fibres does not reduce the Young’s modulus of polymer composite 
materials. The compressive strength begins to decrease when the fibres have been heated above 
350oC, and this is due to thermal decomposition of the organic sizing agent. The tensile strength 
decreases rapidly with temperature, and this is due to decomposition of the sizing agent 
together with weakening of the fibres. Based on this study, it appears that using reclaimed 
basalt fibres in composite structures requiring high tensile strength is not feasible.   
 
 
 
 
 
 
 
 
 
 
117 
 
CHAPTER 6: FIRE-STRUCTURAL PROPERTIES OF PLANT 
FIBRE-POLYMER COMPOSITES 
 
ABSTRACT 
Plant bio-fibres are increasingly being used as a substitute to fibreglass in the reinforcement of 
polymer matrix composites for lightweight load-bearing structures. The use of plant fibres is 
being driven by many factors, including environmental sustainability, lower carbon emissions 
in production, and good specific mechanical properties. However, the fire safety implications 
of using plant fibre composites for structural applications are not well understood, although 
may be expected to be inferior to fibreglass laminates. In this chapter, the fire-structural 
performance of polymer composites reinforced with continuous flax, jute or hemp fibres are 
evaluated, and compared against an E-glass fibre laminate. 
 
Fire-structural testing under combined one-sided radiant heating and static tensile loading 
revealed the plant fibre composites experience more rapid thermal softening and fail within 
much shorter times than the fibreglass laminate, which is indicative of vastly inferior fire-
structural integrity. The plant fibre composites soften and fail before the onset of thermal 
decomposition of the plant fibres and polymer matrix, whereas the E-glass fibres provide the 
composite with superior fire-structural integrity to higher temperatures and higher applied 
tensile stresses. The fire-structural properties of the three types of plant fibre composites were 
not identical, with flax being superior to hemp and jute (which were similar).  
 
The research presented in this chapter has been published in: 
 Bhat T, Chevali V.S, Mouritz A.P. (2015) Fire-structural Performance of Flax Fibre 
Reinforced Laminates. Proceedings of the 20th International Conference on Composite 
Materials (ICCM 20), Copenhagen. 
and submitted for publication in 
 Bhat T, Kandare E, Gibson A.G, Modica P.D, Mouritz A.P. (2016) Fire-structural 
Properties of Plant Fibre – Polymer Composites. Composites Part A: Applied Science and 
Manufacturing. 
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6.1 INTRODUCTION 
As described in chapter 2, the mechanical properties of plant fibres and their polymer 
composites have been studied extensively. However, much less is known about their fire 
reaction and fire resistance (including structural integrity) properties [3, 7, 97, 99, 101]. Plant 
fibres potentially pose an increased fire risk when used in load-bearing composite structures 
compared to glass and carbon fibre composites due to the higher organic (fuel) content [97]. 
Plant fibres may also shorten the ignition time and lower the flaming combustion temperature, 
increase the heat release rate, generate thicker smoke, and increase other fire risk factors such 
as flame spread and smoke toxicity. Another potential fire hazard is that plant fibres weaken 
and fail at lower temperatures and within shorter times than glass or carbon fibre composites 
when exposed to fire, although this is yet to be quantitatively proven.  
 
Understanding the fire-structural performance of any new material, including plant fibre 
composites, with potential use in load-bearing structures is critical because the loss in strength 
and stiffness can cause failure and collapse, resulting in human fatalities and/or property losses. 
Plant fibres experience almost complete loss in strength by ~200oC  [8] and begin to thermally 
decompose at ~250°C [68, 101], with this value varying slightly depending upon the chemical 
composition of the specific fibre [7]. Plant fibres begin to lose tensile strength at much lower 
temperatures compared to E-glass fibres (above ~350-400oC) [1] and carbon fibres (above 
~400oC) [26]. It is likely that plant fibre composites are structurally inferior to glass or carbon 
fibre composites when exposed to fire, although quantitatively by how much remains unclear 
because their fire-structural performance have not been evaluated.   
 
The impact of substituting E-glass fibres with plant fibres on the fire-structural properties of 
polymer matrix composites is experimentally evaluated in this chapter. The fire resistance of 
composites reinforced with flax (Linum usitatissimum), jute (Corchorus capsularis) or hemp 
(Cannabis sativa L) fibres are determined, and benchmarked against an E-glass laminate with 
the same ply orientation, fibre volume content and type of polymer matrix.  The fire-structural 
resistance of the flax, jute, hemp and glass fibre composites was experimentally evaluated using 
small-scale fire-structural tests involving combined static tensile loading and one-sided heating 
at a constant radiant heat flux. This test mimics the condition of a tensile load-bearing structure 
subject to fire attack. In addition, elevated temperature tensile tests were performed on plant 
fibre tows as well as their polymer composites to identify the softening mechanisms controlling 
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the strength loss when exposed to fire. The results from this study provide the first quantitative 
data into the impact of replacing E-glass fibres with plant fibres on the fire-structural safety of 
polymer composites. 
 
6.2 MATERIALS AND EXPERIMENTAL METHODS 
6.2.1 Composite Materials 
Vinyl ester matrix composites reinforced with the same volume content (40 ± 2%) of continuous 
plant fibres (jute, hemp or flax) or E-glass fibres were produced. The jute was supplied by 
Composites Evolution Ltd in the form of plain woven fabric (areal density of 290 g/m2) with a 
50:50 ratio of warp [0o] and weft [90o] tows with 250 tex. The hemp was also in the form of a 
plain woven fabric (287 g/m2) with an equal ratio of warp and weft tows with 250 tex, and was 
provided by Hemp Wholesale Australia. The flax was supplied by SAS Lineo as a 
unidirectional fabric (180 g/m2) made of 42 tex tows. The undirectional flax plies were stacked 
in a cross-ply [0°/90°] sequence to replicate the 50:50 ratio of warp and weft tows in the jute 
and hemp fabrics. Provided in Table 6-1 is the approximate composition of the different plant 
fibres, as obtained from literature. Sizing agent was not present on any of the plant fibres. The 
E-glass was a plain woven fabric (areal density = 830 g/m2) containing 280 tex tows, and 
supplied by Colan Australia. The glass fabric contained an equal ratio of warp and weft yarns. 
 
Table 6-1. Percentage fractions of the main organic constituents in flax, jute and hemp fibres [18]. 
 Hemicellulose 
(wt%) 
Cellulose 
(wt%) 
Lignin 
(wt%) 
Pectin 
(wt%) 
Waxes 
(wt%) 
Flax 18.6-20.6 62-72 2.0-5.0 2.3 1.5-1.7 
Hemp 15.0-22.0 68-74 3.7-10.0 0.9 0.8 
Jute 13.6-20.4 59-71 11.8-13.0 0.2-0.4 0.5 
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(c) 
Figure 6- 1. Images of (a) plain woven jute (b) plain woven hemp and (c) unidirectional flax fabric 
used in this study. 
The plant fibre plies were stacked in a cross-ply sequence, and then infused with vinyl ester 
resin (SPV 1265 supplied by Nuplex Composites) at room temperature using the vacuum bag 
resin infusion process. Following the infusion, the composites underwent gelation and partial 
curing under ambient conditions (23 ± 2°C, 50 ± 5% RH) over several hours, and were then 
post-cured at 80°C for two hours. The fibre volume content of all the plant composites was 
measured to be 40 ± 2% using ASTM D-3171 [158]. 
 
In order to match the fibre volume content of the plant fibre composites, the fibreglass 
composite was made using the wet hand lay-up process. This composite was gelled and cured 
under the same conditions as the plant fibre materials. 
 
The plant and glass fibre composites were made to two thicknesses: 4 mm for high temperature 
property testing and 9 mm for fire-structural and cone calorimetry testing. The glass transition 
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temperature (Tg) of the vinyl ester matrix following post-curing was 110°C for the different 
composites, which was measured using DMTA as the 50% reduction in the storage modulus 
compared to the room temperature value. 
 
6.2.2 High Temperature Testing of Fibre Tows and Composites 
6.2.2.1 Thermal-Mechanical Testing of Fibre Tows 
The tensile properties of jute, hemp, flax and E-glass fibre tows were measured at temperatures 
between 20oC and 250oC using the same procedure that was used to measure the high 
temperature properties of basalt fibre tows, and is illustrated in Figure 3-2b. The tows were 
carefully extracted from the same fabric used to fabricate the composites; taking care that no 
damage was caused to the fibres. The tow ends were wound around circular rollers (150 mm 
diameter) leaving a gauge section of 100 mm long. A 10 mm middle section of the tow was 
then heated to the test temperature using a hot air gun fitted with a variable temperature 
controller. The temperature was measured using a K-type thermocouple in contact with the tow. 
The thermocouple was held in place using a clamp attached to a vertical stand. The fibre tow 
was heated for a soak period of two minutes prior to tensile loading to ensure that all the fibres 
were at the test temperature. The tow was then loaded to failure at a displacement rate of 2 
mm/min using a 10 kN Instron machine (Model 5569) while at elevated temperature.  Five tows 
of the same fibre type were tested at each of the temperatures. The average failure loads for flax 
(42 tex), jute (250tex) and hemp (250 tex) tows were respectively 15 N, 28 N and 43 N, while 
for the E-glass (280 tex) tows it was 115 N. Normalised to the tow tex, these values were 0.3 
N/tex for flax, 0.12 N/tex for jute, 0.18 N/tex for hemp and 0.42 N/tex for E-glass tows at room 
temperature. 
 
6.2.2.2 Thermal-Mechanical Testing of Composites 
The tensile modulus and failure stress of the plant and glass fibre composites were measured at 
different temperatures (20°C - 200°C) inside the accessory oven attached to a 50 kN Instron 
test machine. The tensile tests were performed in accordance with ASTM D-638 [159] using a 
dog-bone shaped coupon with a gauge length of 57 mm, width of 13 mm and thickness of 4 
mm. The tensile tests were performed under isothermal conditions by loading the composites 
in the warp (0o) fibre direction at a displacement rate of 2 mm/min until failure. Five samples 
of each type of composite were tested at the different temperatures.  
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6.2.2.3 Fire-structural Testing of Composites 
An experimental comparative analysis of the fire resistant properties of the plant and glass fibre 
composites was performed using data obtained from small-scale fire-structural tests. The design 
of the test was to replicate a tensile-loaded flat beam subjected to one-sided heat radiated from 
a fire. A schematic representation of the test is illustrated in Figure 3-4a. The composite 
specimens were 600 mm long, 50 mm wide and ~9 mm thick, and were loaded in tension to a 
constant stress between 20% and 80% of the room temperature failure strength using a 250 kN 
MTS machine. The tensile load was applied parallel to the warp (0o) fibre direction. While 
under constant stress, the specimen was subjected to one-sided heating using a 5000W cone 
shaped radiant heater. A 100 mm long X 50 mm wide section of the composite was exposed 
directly to the heater, while the rest of the specimen was thermally insulated using a 10 mm 
thick FibreFrax ceramic blanket supplied by Unifrax Australia Pty Ltd.  
 
Fire-structural testing was performed at incident heat fluxes of 10 kW/m2 and 35 kW/m2, which 
were selected because they represent heating conditions for two fire scenarios that induce 
different types of thermal softening. The lower heat flux of 10 kW/m2 heated the composites to 
above the glass transition temperature of the polymer matrix (110oC), but the flux was too low 
to cause significant decomposition. The higher heat flux of 35 kW/m2 resulted in higher 
temperatures that caused softening and decomposition of the polymer matrix and plant fibres. 
During fire-structural testing the composites were subject to simultaneous tensile loading and 
one-sided heating until total failure. 
 
6.2.2.4 Fire Reaction Testing of Composites 
The fire reaction properties of the plant and glass fibre composites were measured using a three-
cell cone calorimeter (model no: 5023431 by Fire Testing Technology Ltd) operated in the 
vertical testing mode. Test specimens (100 mm long × 100 mm wide × 9 mm thick) were 
exposed to an incident heat flux of 10 or 35 kW/m2 (without a spark ignitor) according to the 
ISO 5660 standard [142]. More details on the experimental procedure have been described in 
section 4.2.3. Testing was performed by P.D. Modica from University of Newcastle.  
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6.2.2.5 Thermogravimetric Analysis of Plant and E-glass Fibres 
Thermogravimetric analysis (TGA) was performed on plant and E-glass fibres in air at 
10°C/min using a Pyris-1 TGA instrument to determine the onset temperature of 
decomposition.  
 
6.3 RESULTS AND DISCUSSION 
6.3.1 High Temperature Properties of Plant and Glass Fibre Tows  
Thermal softening of the fibre tows has a direct influence on the fire-structural integrity of the 
composite under tensile loading. For this reason, tensile tests were performed on the flax, jute, 
hemp and E-glass tows up to 250°C, which is just below the onset temperature for thermal 
decomposition of plant fibres, as shown by the TGA curves presented in Figure 6-2. The plant 
fibres lose a small fraction of their weight (<5%) by heating up to 250°C, and this is mostly the 
evaporation of free and chemically bonded water. A much larger two-stage mass loss occurs 
for the plant fibres between 250-550°C, due presumably to decomposition of the organic 
constituents followed by oxidation of char. As expected, the E-glass fibres do not decompose, 
although they show a very small mass loss (<1%) due to decomposition and volatization of the 
organo-silane sizing agent. 
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Figure 6-2. Mass loss vs temperature curves for the plant and E-glass fibres. 
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The effect of increasing temperature on the tensile stiffness and failure load of the different 
fibre tows are shown in Figure 6-3. The tensile properties are normalised to the tex value of the 
tow, which is different for the different fibre types. As expected, the tensile properties of the E-
glass tow were higher than for the plant fibre tows. The glass fibre tow retained both its tensile 
strength and stiffness up to 250°C. Feih et al. [146] have shown that the failure stress of E-glass 
fibres and tows does not begin to decrease until above ~350oC, and caused by the thermally-
activated growth of surface flaws. In contrast, the tensile properties of the plant tows decreased 
at a quasi-linear rate between 20oC and 250oC, with the jute and hemp softening at similar rates. 
The flax retained much higher stiffness and strength than the jute and hemp over the same range 
of temperatures.  
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(b) 
Figure 6-3. Effect of temperature on the (a) tensile failure load and (b) tensile stiffness of the tows. 
The load and stiffness values have been normalised to the tex value of the tow. The curves are lines-
of-best fit through the tensile property data. 
 
Many studies have measured the reduction to the failure stress of plant fibres at elevated 
temperatures [8, 71, 77, 100, 160, 161], and similar trends have been reported to those shown 
in Figure 6-3. Thermal weakening of plant fibres is generally attributed to the evaporation of 
free water; glassy-to-rubbery type softening of crystalline cellulose and lignin; and physical 
damage. Plant fibres derive significant strength from crystalline cellulose fibrils, which are 
bundled into mesofibrils [73]. The mesofibrils are embedded in an amorphous polysaccharide 
matrix composed mostly of pectin and hemicellulose [71].  At ~100°C, the physical desorption 
of water embrittles the fibres, especially via dehydration of the gel-like network formed by the 
polysaccharides. Water loss reduces the stress transfer efficiency between the load-bearing 
mesofibrils and the pectin matrix [162], leading to a significant reduction in fibre strength. 
Lignin and cellulose undergo glassy-to-rubbery type softening process at temperatures of 
~125oC and 200oC, respectively, which further weakens plant fibres [163-165]. Flax generally 
has a lower lignin content than jute and hemp [101], and this in part accounts for its higher 
stiffness and strength as shown in Figure 6-3. The failure stress is also reduced by cracking 
caused by differences between the thermal expansion coefficients of cellulose, hemicellulose 
and lignin [100]. Flaws initiate at the interfaces between these constituents, which grow with 
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increasing temperature and develop into cracks under tensile loading which lower the failure 
stress [100, 161]. 
 
6.3.2 High Temperature Properties of Plant and Glass Fibre Composites 
The thermal softening behaviour of the plant and glass fibre composites was investigated by 
conducting tensile tests at different temperatures up to 200oC. The representative stress-strain 
curves are shown in Figure 6-4. 
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(c) 
 
(d) 
Figure 6-4. Representative stress-strain curves for (a) flax, (b) hemp, (c) jute and (d) E-glass 
composites at room and elevated temperatures 
 
As shown in Figure 6-5, the tensile strength of the glass fibre composite (440 MPa) was much 
higher than the plant fibre laminates at 20oC due to the higher failure stress of the E-glass fibre 
tows together with the lack of sizing agent on the plant fibres. The strength of the flax fibre 
composite (150 MPa) was higher than the jute or hemp composites (both ~50 MPa) at 20oC, 
due to the higher failure stress of flax tows [6, 166, 167].  
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(b) 
Figure 6-5. Effect of temperature on the (a) tensile strength and (b) tensile modulus of the plant and 
glass fibre composites. The curves are lines-of-best fit through the tensile property data. 
 
The tensile properties of the glass fibre composite decreased with increasing temperature due 
to softening of the polymer matrix. Since the glass fibres do not lose stiffness and strength 
below 200°C, the reduction in tensile properties of the glass fibre composite was due to glass 
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transition softening of the polymer together with the loss in stress transfer efficiency between 
the fibres and matrix. The plant fibre composites softened progressively with increasing 
temperature, with little load capacity at the maximum temperature of 200oC. The losses in 
stiffness and strength for these composites were due to a combination of thermal softening of 
the polymer matrix and softening and damage to the plant fibres (as described above). 
Representative stress-strain curves for the plant and glass fibre composites tested at elevated 
temperatures is shown in Figure 6-4. 
 
6.3.3 Fire-structural Performance of Plant and Glass Fibre Composites  
6.3.3.1 Low Temperature Fire Exposure (Heat Flux = 10 kW/m2) 
The fire-structural properties of the plant fibre composites are compared to the fibreglass 
laminate when exposed to the incident heat flux of 10 kW/m2. As mentioned, this flux was 
chosen because it was high enough to cause softening of the composites but too low to cause 
any significant decomposition to the polymer matrix (Fig. 3-13) or plant fibres (Fig. 6-2) or 
weakening of the glass fibres (Fig. 6-3), and therefore represents a low temperature fire 
scenario. This is evident from the heat release rate curves measured using cone calorimetry for 
the different composites at the heat flux of 10 kW/m2, as shown in Figure 6-6. The heat release 
rate for the different composites did not increase with increasing heat flux exposure time, and 
the small fluctuations in the values are measuring due to noise of the heat flux gauge.  
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Figure 6-6. Effect of heat flux exposure time on the heat release rate of the composites at the flux of 
10 kW/m2. 
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The thermal responses of the flax, jute, hemp and E-glass fibre composites exposed to the heat 
flux of 10 kW/m2 is shown in Figure 6-7. Temperature-time histories were measured using 
thermocouples located at the front (heat-exposed) surface, through-thickness mid-point, and 
back surface of the test coupons. Multiple tests performed on the different composites revealed 
little variability in the measured temperatures (typically within 15°C). Exposing the plant and 
glass fibre composites to the same heat flux caused an initial rapid rise in the front surface 
temperature up to the maximum steady-state value of 220°C that was reached after ~30 mins. 
Despite its higher emissivity, the front face temperatures of the plant fibre composites were 
slightly lower than the E-glass composite. Heating caused the moisture to evaporate from the 
plant fibres, which may have a cooling effect on the heat exposed surface.  The maximum 
temperature of the front surface was above the glass transition temperature (110oC) but below 
the decomposition temperature (~350oC) of the vinyl ester matrix. Likewise, the maximum 
temperature is above the softening temperature but below the decomposition temperature of the 
plant fibres. It is for this reason that cone calorimetry failed to detect any measurable increase 
in the heat release rate of the composites (Figure 6-6).  
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(c) 
Figure 6-7. Temperature-time curves for the (a) front surface (b) mid-thickness and (c) back surface of 
the composites exposed to the heat flux of 10 kW/m2. 
 
The temperatures decreased from the front surface to the centre-point to the back surface of the 
plant and glass fibre composites. The centre and back surface temperatures of the plant fibre 
composites were similar, and lower than the glass fibre laminate. This reveals the plant fibre 
composites have superior insulating properties when exposed to the low heat flux. The plant 
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and glass fibres have similar thermal conductivity values (typically around 0.038-0.04 W/m K) 
[168], which suggests their composites should also have similar heat insulation properties 
(provided the fibre content and orientations are the same). However, the cooler internal and 
back surface temperatures of the plant fibre composites was due to restricted heat flow caused 
by heat-induced damage and moisture evaporation. For example, Figure 6-8 shows that the 
amount of delamination cracking in the plant fibre composites was greater than the glass fibre 
laminate. Also, extensive fibre-matrix interfacial cracks occurred in the plant fibre composites 
which did not occur in the glass fibre material. The higher amount of delamination and 
interfacial cracking is attributed in part to the absence of sizing agent on the plant fibres. 
Weakening/embrittlement of the plant-matrix interface caused by evaporation of water may 
have contributed to the more extensive damage.  
 
 
(a) 
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(c) 
Figure 6-8. Scanning electron microscope images of (a) delamination cracking and (b) fibre-matrix 
interfacial debonding in the hemp fibre composite. (c) Delamination in the glass fibre composite. Heat 
flux of 10 kW/m2. 
 
Delamination and fibre-matrix interfacial cracks slow heat flow in the through-thickness 
direction, and this would account in part for the lower internal and back surface temperatures 
of the plant fibre composites. It is also possible that the evaporation of water from the natural 
fibre composites contributed to the lower temperatures. Mass loss-time curves measured for the 
composites when exposed to the heat flux of 10 kW/m2 in the cone calorimeter are shown in 
Figure 6-9. The plant fibre composites showed an almost immediate and progressive reduction 
in mass upon exposure to the heat flux, and this was due to the evaporation of water from the 
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fibres. In comparison, the glass fibre laminate did not experience any mass loss. The transport 
of hot water vapour through the plant fibre composites and its evaporation from the front surface 
has an internal cooling effect, and this may have contributed to the lower temperatures. 
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Figure 6-9. Mass loss curves for the composites exposed to the heat flux of 10 kW/m2. 
 
The effect of increasing exposure time to the heat flux of 10 kW/m2 on the tensile failure stress 
of the different composites is shown in Figure 6-10. As expected, the failure stress decreased 
rapidly with increasing heat flux exposure time, and similar trends have been reported for glass 
fibre and carbon fibre laminates [26, 49]. The failure stresses of the plant fibre composites were 
much lower than the fibreglass laminate, even though the heat flux was too low to cause 
significant thermal decomposition of their fibres and their internal and back surface 
temperatures were lower. The fire-structural performance of the flax fibre composite was 
slightly better than the jute and hemp laminates (which were similar), and this correlates with 
the differences in the failure stress of both the tows and composites at elevated temperature 
(Figs. 6-3 and 6-4).  
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Figure 6-10. Effect of heat flux exposure time on the tensile failure stress of the composites at the 
heat flux of 10 kW/m2. The curves are lines-of-best fit. 
 
The rapid deterioration in the structural integrity of the plant fibre composites was due to 
thermal softening of both the polymer matrix and fibre reinforcement at moderately low 
temperatures (under 200-250oC) together with heat-induced delamination and fibre-matrix 
interfacial cracking (Fig. 6-8). The glass fibre laminate also experienced a substantial reduction 
in tensile failure stress with increasing heat flux exposure time, and this was due to glass 
transition softening of the matrix that reduced the load transfer efficiency to the load-bearing 
fibres. However, the surface and internal temperatures were too low to cause weakening of the 
glass fibres, and therefore the tensile strength reached a steady-state value (~170 MPa) due to 
the fibre carrying the applied force, even though the matrix has fully softened. 
 
One-sided heating also caused both the plant and E-glass fibre composites to progressively 
deform to the point when they failed under tensile loading. Figure 6-11 shows examples of the 
axial extension - heat exposure time response of the plant and E-glass fibre composites over 
the course of the tensile fire-structural tests at 10 kW/m2. The curves for the plant fibre 
composites are characterised by an initial quasi-linear increase in extension with heating time 
until reaching an inflection point which corresponds to the onset of failure. The axial extension 
is due to the combined effects of thermal expansion of the composite and thermal softening of 
the polymer matrix. The inflection point is absent for the E-glass composite at lower applied 
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stresses (<60% of room temperature strength) since the applied load can easily be carried by 
the glass fibres despite the matrix having fully softened. 
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(c) 
 
(d) 
Figure 6-11. Effect of heating time on the axial extension of (a) flax (b) hemp (c) jute and (d) E-glass 
fibre composites at 10 kW/m2. 
 
These findings clearly reveal that the fire-structural safety of plant fibre composites is rapidly 
and severely compromised when exposed to a low temperature fire. Fibreglass composites will 
retain significant load-bearing strength after the polymer matrix has fully softened, however the 
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plant fibre materials have negligible residual strength after several minutes due to rapid 
softening of the fibres, glass transition softening of the polymer matrix, and internal damage 
(e.g. delaminations, fibre-matrix debonding). 
   
6.3.3.2 High Temperature Fire Exposure (Heat Flux = 35 kW/m2) 
Fire-structural tests performed on the plant and glass fibre composites at the higher heat flux of 
35 kW/m2 generated higher temperatures that caused softening and decomposition of the 
polymer matrix and thermal weakening of the fibre reinforcement. The effect of exposure time 
to the 35 kW/m2 flux on the fire reaction properties of the different composites is shown in 
Figure 6-12. The mass of all the materials decreased with increasing time, although the mass 
loss rate was higher for the plant fibre composites due to water evaporation followed at higher 
temperatures by decomposition of the fibres, which does not occur with E-glass. The heat 
release rate was also higher for the plant fibre composites, and this was due to the higher organic 
content of these materials together with the higher internal temperatures when compared to the 
glass fibre laminate. A distinguishing feature of the heat release rate curve is that it did not 
display a sharp peak, and this is because the materials did not ignite and undergo flaming 
combustion which typically causes the sharp peak. Instead, the plant fibre composites 
experienced smouldering combustion which was not characterized by a distinct peak in the heat 
release rate. Despite the higher mass loss and heat release rates, the plant fibre composites had 
similar smoke density values to the glass fibre laminate. This occurred because most of the 
smoke was generated by decomposition and vaporisation of the vinyl ester matrix, which is 
present in the same quantity in the different composites.       
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(c) 
Figure 6-12. Effect of heat flux exposure time on the (a) mass loss, (b) heat release rate and (b) 
smoke density of the composites at the heat flux of 35 kW/m2. 
 
The effect of increasing exposure time to the 35 kW/m2 flux on the temperatures at the front, 
centre and back of the composites is shown in Figure 6-13. The temperature of the front surface 
increased rapidly and at the same rate when the composites were initially exposed to the heat 
flux (up to ~200 s), after which there were significant differences between the materials. The 
temperatures of all the plant fibre composites rose continuously with heat flux exposure time, 
whereas the glass fibre laminate reached a steady-state temperature. Also, the temperatures at 
the centre and back surface of the plant fibre composites exceeded their front surface, which 
did not occur with the glass fibre laminate. During testing it was observed that the hemp, jute 
and flax fibres below the front surface experienced smouldering combustion, as shown in Figure 
6-14. The plant fibres were hot enough to decompose and glow, however the oxygen content 
was too low below the composite surface for them to undergo flaming combustion. The pressure 
generated by the outward flow of water vapour and hot gases created by thermal decomposition 
of the plant fibres and polymer matrix was higher than ambient pressure at the heated surface, 
which restricted the flow of air into the composites needed to promote flaming combustion. 
Smouldering combustion is caused mostly by ignition of cellulose in the plant fibres [7]. Hemp 
has a higher cellulose content than both flax and jute (Table 1), and therefore the higher 
smouldering temperatures may account for this composite having the highest front face 
temperature.  
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(c) 
Figure 6-13. Temperature-time curves for the (a) front surface (b) mid-thickness and (c) back surface 
of the composites exposed to the heat flux of 35 kW/m2. 
 
 
 
Figure 6-14. Internal smouldering combustion of the hemp composite when exposed to an incident 
radiant heat flux of 35 kW/m2. 
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The effect of increasing exposure time to the heat flux of 35 kW/m2 on the tensile failure stresses 
of the composites is shown in Figure 6-15. As expected, the structural integrity of the plant 
fibre composites was vastly inferior to the glass fibre laminate. The plant fibre composites failed 
rapidly, even at low stress, whereas the glass fibre material can withstand much higher stresses 
for longer heat flux exposure times. Similar to the lower heat flux, the flax fibre composite had 
higher tensile strength compared to the laminates containing hemp or jute fibres (which had 
similar performance). The effect of heating time on the axial extension of plant and glass fibre 
composites is shown in Figure 6-16. Similar to the behaviour observed at 10 kW/m2, the curves 
for the plant fibre composites are characterised by a quasi-linear increase in extension with 
heating time.  However, due to the higher temperatures experienced at 35 kW/m2, failure 
progression was significantly accelerated. 
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Figure 6-15. Effect of heat flux exposure time on the tensile failure stress of the composites. Heat flux 
of 35 kW/m2. The curves are lines-of-best fit. 
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(c) 
 
(d) 
Figure 6-16. Effect of heating time on the axial extension of (a) flax (b) hemp (c) jute and (d) E-glass 
fibre composites at 35 kW/m2. 
 
The rapid weakening and failure of the plant fibre composites was primarily due to thermal 
softening of the polymer matrix and fibres, and not the effects of decomposition and 
smouldering combustion (which occurs at higher temperatures). This is proven by Figure 6-17, 
which compares the effect of increasing exposure time to the 35 kW/m2 flux on the failure stress 
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and mass loss rate of the hemp fibre composite. (Similar trends were observed for the flax and 
jute composites). The hemp composite rapidly lost strength (within the initial ~250 seconds) 
when exposed to the heat flux. However, thermal decomposition of the hemp fibres and polymer 
matrix occurred over much longer times, as defined by the mass loss rate curve. Less than a 
few percentage of the plant fibre composite had decomposed before it had lost virtually all its 
load-bearing capacity. This proves that thermal softening, and not decomposition, is the main 
weakening process of the plant fibre composites tested at the heat flux of 35 kW/m2. 
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(b) 
Figure 6-17. Effect of heat flux exposure time on the failure time (black data points and curve) and 
mass loss rate (red curve) of the (a) hemp fibre composite and (b) glass fibre composite at 35 kW/m2. 
 
In contrast, the glass fibre laminate had substantial residual strength during and after complete 
decomposition of the polymer matrix. The mass loss rate curve in Figure 6-17 shows that the 
matrix to the fibreglass laminate had decomposed after ~2500 seconds, however the material 
had residual strength (approx. 50 MPa) for much longer times due to the glass reinforcement. 
This reveals that the glass fibres provide load-bearing properties during and even after 
decomposition of the matrix phase, which does not occur with plant fibre composites.    
 
6.4 CONCLUSIONS  
The research presented in this chapter shows that plant fibre composites have inferior fire 
resistance compared to an E-glass laminate with the same fibre content when exposed to heat 
fluxes representative of low and moderate temperature fires. The inferior fire resistance can be 
attributed to the water evaporation, glass transition softening and damage (delamination, fibre-
matrix interfacial debonding) that occurs to plant fibre composites at moderately low 
temperatures (typically under 200-250oC). The fire-structural properties of plant fibre 
composites under tensile loading are adversely affected before any significant decomposition 
occurs to the matrix or fibres. However, the fire performance of plant fibre composites is not 
all the same, and in this study the flax laminate had superior fire-structural resistance properties 
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compared to the jute and hemp materials (which were similar). Based on this study, the 
increasing use of plant fibres in place of E-glass as the reinforcement to polymer composites 
comes at the increased risk of much higher heat release rates, which increases the fire safety 
hazard, and inferior fire tensile properties, which increases the risk of structural failure.  
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CHAPTER 7: CONCLUSIONS AND FUTURE RESEARCH 
 
7.1 SUMMARY OF MAJOR FINDINGS 
The work performed in this PhD project has contributed to towards a better understanding of 
the structural properties of polymer composites when exposed to thermally demanding 
environments such as fire and thermal recycling. The fire-structural properties of composites 
along with the current knowledge on the thermal and mechanical properties of basalt and plant 
fibres was reviewed and a few shortcomings were identified, which formed the basis of this 
PhD research.  
 
The structural properties of the basalt fibre composite was investigated under the combined 
influence of fire and tensile loading. The basalt fibre composite had lower tensile fire resistance 
than an equivalent glass fibre laminate when exposed to the same incident heat flux. High 
temperature tensile tests on basalt and E-glass fibre tows revealed that their softening rates at 
elevated temperatures are very similar. The thermal softening and decomposition rates of basalt 
and E-glass composites were found to be similar. However, when exposed to the same incident 
heat flux, the higher emissivity of basalt fibre composite caused it to heat faster and reach 
higher temperatures. This caused the basalt composite to undergo softening and decomposition 
of the polymer matrix and weakening of the fibres at a faster rate, resulting in inferior fire 
resistance compared to the glass fibre composite under tensile loading. The thermo-mechanical 
model used could accurately calculate the temperature and failure times of both basalt and E-
glass composites.  
 
The fire-structural properties of basalt fibre composites under compressive loading were also 
investigated experimentally and analytically. The higher emissivity of the basalt fibre 
composite accelerated the thermal softening of the laminate and also lead to poorer fire reaction 
properties, including shorter ignition times, higher heat release rates, faster decomposition and 
denser smoke compared to an equivalent E-glass composite. The faster heating rate 
experienced by the basalt fibre laminate caused it to laterally deflect more rapidly and by a 
greater amount due to the greater thermal moments induced by the steeper through-thickness 
temperature gradient. The fire-structural integrity of both the basalt and glass fibre laminates 
decreased with increasing applied compressive stress and thermal flux. However, the structural 
integrity of the basalt laminate was inferior due to its higher emissivity causing the faster 
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heating rate, which accelerates the glass transitioning softening and decomposition of the 
polymer matrix phase. At higher applied stresses (above 60% of room temperature Euler 
buckling load), failure occurred due to a combination of laminate buckling and kinking of the 
load-bearing tows in both the basalt and E-glass laminates. At lower applied stresses, 
compressive failure occurred due to plastic kinking/micro-buckling of the tows. Two modelling 
approaches (based on average strength and Euler buckling) were used to calculate the 
compressive failure stress of flat laminate beams exposed to one-sided heating by fire.  
 
The effect of thermal recycling on the mechanical properties of basalt fibres has been 
investigated. The fibres were exposed to temperatures and heating times similar to those 
experienced during thermal recycling of polymer composites.  Tensile tests conducted on heat-
treated basalt fibres showed that they retained almost all of their room temperature strength up 
to 250°C. Over the temperature range typically used to incinerate waste composites (450-
600oC) the strength loss of basalt fibres exceeds 65%. The Young’s modulus of the fibre was 
not affected by heat-treatment up to the maximum temperature used in this study. Basalt fibres 
lost more strength than E-glass or carbon fibres over the temperature range used for thermal 
recycling. The research undertaken in this PhD project has proven for the first time that the 
reduction in fracture stress is not due to decomposition, change in amorphous state, or reduction 
to the fracture toughness of the basalt. Instead, the loss in fibre strength was due to thermally-
activated growth of surface flaws. Using reclaimed basalt fibres did not reduce the Young’s 
modulus of polymer composite materials. The compressive strength began to decrease when 
the fibres were heat treated above 350oC, and this was due to thermal decomposition of the 
organic sizing agent. The tensile strength decreased rapidly with temperature due to 
decomposition of the sizing agent together with weakening of the fibres. 
 
The tensile fire resistant properties of polymer composites reinforced with plant fibres were 
also investigated. Small-scale fire-structural tests revealed that plant fibre composites have 
inferior fire resistance compared to an E-glass laminate with the same fibre content when 
exposed to heat fluxes representative of low and moderate temperature fires. The inferior fire 
resistance was attributed to the water evaporation, glass transition softening and damage 
(delamination, fibre-matrix interfacial debonding) that occurred within plant fibre composites 
at moderately low temperatures (typically under 200-250oC). The fire-structural properties of 
plant fibre composites under tensile loading were adversely affected before any significant 
decomposition occurs to the matrix or fibres. However, the fire performance of plant fibre 
151 
 
composites is not all the same, and in this study, the flax laminate had superior fire-structural 
resistance properties compared to the jute and hemp materials (which were similar).  
 
7.2 FOR FURTHER RESEARCH 
A substantial amount of research has led to a good understanding of the fire-structural 
properties of polymer composites. However, most studies have been limited to composites with 
a single type of matrix and reinforcement (e.g. epoxy reinforced with glass or carbon fibres). 
Very little research has been conducted on characterising the fire-structural properties of multi-
material structures (e.g. fibre metal laminates, hybrid composites containing two-or-more fibre 
types, etc.). Composite-metal systems are now extensively being used in the aerospace as well 
as offshore oil and gas industries. Hybrid composites (with two or more reinforcements) are 
also extensively used due to their unique static and dynamic properties. A better understanding 
of their fire reaction and fire-structural properties is essential before these materials are 
implemented in large scale structures. 
 
Research also needs to be conducted on improving the fire resistant properties of natural fibre 
composites. Improving the thermal properties of natural fibres will have a direct influence on 
the fire survivability of the composite. Various methodologies have been proposed to improve 
the thermal properties of natural fibres using surface modification and coating techniques. 
However, their effects on the fire-structural properties of the composite is yet to be determined. 
Due to their hydrophilic nature, it is also important to investigate the effects of water ingress 
on the fire-structural properties of natural fibre composites.   
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